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Kurzdarstellung
In dieser Arbeit zeigen wir einen neuen Ansatz zur Herstellung von mit Wechsel-
strom (AC) betriebenen, organischen Leuchtdioden (OLED),das sich des Verfahrens
der molekularen Dotierung organischer Schichten bedient.Durch Dotierung kön-
nen Ladungsträger in den Schichten selbst erzeugt werden ohne notwendigerweise
Ladungsträger über die Elektroden zu injizieren.
Die Proben bestehen aus organischen und anorganischen Schichten: Wir nutzen die
mechanische und chemische Stabilität anorganischer Stoffe und kombinieren diese mit
den optischen Vorteilen organischer Farbstoffe, bei denendurch chemische Verän-
derungen das Emissionsspektrum angepasst werden kann. Unipolare/ambipolare
Ladungsträgertransportschichten, dotiert mit organischen Farbstoffen, bilden die jew-
eilige Emissionsschicht. Die Ladungsträger werden in molekular dotierten Schichten
erzeugt.Auf beiden Seiten der Proben befinden sich isolierend Metalloxid-Schichten;
die Kontakte werden über eine transparente Indiumzinnoxid-Schicht (ITO) auf dem
Glassubstrat und eine optisch dicke Aluminium-Schicht alsreflektierende Elektrode
realisiert. Im Gegensatz zu Gleichstrom OLEDs werden hier di Elektroden nicht
zur Ladungsträgerinjektion, sondern zur Änderung des elektrischen Feldes in den
Proben genutzt. Mit den hier verwendeten Proben wurden im Wechselstrombetrieb
Leuchtdichten bis zu 5000 cd m 2 erreicht. Der Grund für diese hohen Leuchtdichten
ist die Erzeugung und Rekombination von Ladungsträgern unddie amit verbundene
Erzeugung von Exzitonen innerhalb der Probe.
Abstract
This work demonstrates a new approach for fabricating alterna ing current driven
organic electroluminescent devices using the concept of doping in organic semicon-
ductors. Doped charge transport layers are used for generation of charge carriers
within the device, hence eliminating the need for injectingcharge carriers from external
electrodes.
The device is an organic-inorganic hybrid: We exploit the mechanical strength and
chemical stability of inorganic semiconductors and combine it with better optical
properties of organic materials whose emission color can bechemically tuned so that
it covers the entire visible spectrum. The device consists of an organic electrolumi-
nescence (EL) layer composed of unipolar/ambipolar chargetransport materials doped
with organic dyes (10wt%) as well as molecularly doped charge generation layers
enclosed between a pair of transparent insulating metal oxide layers. A transparent
tin doped indium oxide (ITO) layer acts as bottom electrode for light outcoupling and
Aluminium (Al) as top reflective electrode. The electrodes are for applying field across
the device and to charge the device, instead of injection of charge carriers in case of
direct current (DC) devices. Bright luminance of up to 5000 cd m 2 is observed when
the device is driven with an alternating current (AC) bias. The luminance observed
is attributed to charge carrier generation and recombinatio , leading to formation
of excitons within the device, without injection of charge carriers through external
electrodes.
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Chapter 1
Introduction
General lighting or illumination (outdoor and indoor) is ess ntial for human life and
is one of the main energy utility sought after by the society.Major part of electrical
energy generated today across the globe is spent on energy inefficient illumination
systems for lighting [1]. Approximately 20% of electricityglobally produced is used
for lighting [2]. Present and past illumination technologies relied heavily on inefficient
incandescent bulbs which convert only 5% of electrical energy they consume into light
and rest of the 95% is dissipated as heat and other losses [3].We generate energy at
the cost of natural energy resources. For the production of electrical energy globally,
we spend approximately 9% of primary natural energy resources annually [4]. With
ever increasing demand for electrical energy combined withlosses incurred while its
being transported to the end user, we cannot afford energy inefficient illumination tech-
nologies. We need an alternative and efficient lighting technology to save energy. Until
recently inefficient incandescent bulbs were heavily in usefor illumination. Recently
fluorescent tubes have replaced the inefficient incandescent bulbs and they have better
electricity to light conversion efficiency. However, they consist of hazardous mercury
and its disposal has raised serious questions on the conservation of environment.
Solid-state lighting (SSL) technology is promising as it isenvironmentally friendly
and efficient simultaneously. It also offers different design possibilities as some SSL
technologies are flat and flexible light sources which can be placed on floors, walls,
ceilings etc [2].
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Organic electroluminance is well known in organic thin filmswith heterostructure
device geometry, which consists of an electron and hole transport layer [5]. All organic
electroluminance devices are charge injection devices andtypically operate with low-
voltage DC power. However, all the buildings and houses are cu rently wired for AC
power (110/220 V and 50/60 Hz). Although DC-OLEDs are efficient, when integrated
into AC lighting panels they require expensive power converters which introduce power
losses. An ideal solution for this problem is to design and operate solid state lighting
(SSL) modules directly from AC power lines.
The focus of this work is to investigate methods of integrating highly efficient organic
luminescent layer in to a structure consisting of inorganicmetal oxide dielectric insulat-
ing layers and to develop new approaches for alternating current electroluminescence
(AC-EL) devices. Organic electroluminescence layers havethe advantage of easier
chemical tunability to control the electrical and optical pro erties. By tuning the
chemical structure, the emission colour can cover the entire visible range of the
electromagnetic radiation [6–8]. Also the concept of molecu ar doping [9–13] for small
molecule organic semiconductors is employed for generation of charge carriers within
the device. The light emission observed under AC drive with this new concept is due
to charge carrier generation and recombination, leading toformation of excitons within
the device, without injection of charge carriers through external electrodes.
With the new concept for the AC-EL consisting of an organic-iorganic hybrid device
design, luminance levels of up to 5000 cd m 2 are achieved under AC drive in this work.
The luminance levels achieved with the new concept are way beyond those of other AC
based EL devices with either organic or inorganic materials. We exploit the mechanical
strength and chemical stability of inorganic metal oxide dilectric insulating layers and
combine them with the excellent optical properties of organic materials. We believe the
new concept for AC-EL is a major step towards future lightingpanels which operate
directly from the AC power lines without the need for intermediate power converters
or expensive back-end electronics. Also, one can study physical processes under the
influence of AC field and look for ways to improve the device design.
The thesis is organized as follow: Chapter 2 details an overview of physical concepts of
molecular semiconductors. Chapter 3 gives an overview of the DC electroluminescence
(EL) concept and the device structure and the operation mechanism of the conventional
DC-EL devices is discussed. In Chapter 4 the concept of altern ing current electrolu-
minescence (AC-EL) and the approaches that have already been reported and its advan-
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tages and disadvantages are briefly discussed. Chapter 5 deals with the experimental
techniques used in this work and characterization techniques built for AC devices.
Novel AC-EL device architectures and results are detailed in Chapters 6. Chapter 7
summarizes the dissertation and provides a list of future res arch possibilities.

Chapter 2
Semiconducting molecular materials
and their physical concepts
This chapter gives an overview about semiconducting molecular materials
and their applications in molecular opto-electronic devics. The advan-
tages and disadvantages of molecular semiconductors and the challenges
that have to be overcome for these materials to be incorporated in to op-
toelectronic devices is outlined. The basic physics of molecular semicon-
ductors, concepts such as molecular orbitals, charge carrier t ansport, and
excitonic processes in molecular semiconductors are briefly introduced.
For further reading, the references [14–19] are recommended.
Why are molecular semiconductors exciting?
Molecular semiconductors are an exciting class of materials due to their unique opto-
electronic properties. Many of them absorb in ultra-violet(UV) and emit in the visible
range of the electro-magnetic spectrum. The structure of the molecular semiconducting
materials resembles that of the biological materials such as DNA, which are vital
components of biological cells performing complex biological processes in a very
reliable manner. An understanding of the molecular materials and their functionalities
5
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is vital for understanding the complex biological processes.
Various electronic and optoelectronic applications of molecu ar semiconductors such
as light emitting devices [5, 20–22], photovoltaic devices[23–30], thin film tran-
sistors [31–35], complimentary logic circuits [36–39], radio-frequency identification
(RFID) tags [40, 41], and sensors [42–46] have been demonstrated. They have even
found wide applications in biology and opened a new interdisciplinary field known
as bioelectronics [47, 48]. In future they offer an excitingprospects for flexible and
transparent molecular electronic devices, which are low cost and as well processable in
ambient conditions [49].
The molecule is an elementary building block of organic semiconductors, hence un-
derstanding the building block is crucial from the viewpoint of future molecular size
multi functional devices. All molecules are basically groups of atoms held together by
covalent binding and have a definite three-dimensional shape. The weak intermolecular
force (also termed as van der Waals force) originates from Coulombic dipole-dipole
interactions between the molecules [16, 50]. Usually a molecule is a neutral entity
and carbon atoms are the major molecular component. The unique properties of each
molecule are result of the different atoms the molecule consists of and how they
are spatially distributed in space. The properties of the molecule (both physical and
chemical) are completely different for different spatial distribution of atoms [16].
Based on their molecular weight, molecules are classified assmall molecule based or-
ganic semiconductors and polymers. Small molecular organic semiconductors usually
consist of few tens to several hundred atoms with their molecular weight typically less
than 1000 atomic mass units. Polymers on the other hand have along chain repetition
of monomeric units. In this work, we restrict only to small molecular organic semi-
conductors. The conductivity of molecular materials can bealtered with the concept of
molecular doping, similar to the case of inorganic semiconductors the conductivity can
be enhanced orders of magnitude [9]. For some polymers, the condu tivity can be tuned
right from an insulator to that of the metallic conductor [51]. Hence molecular materials
offer specific advantages in opto-electronic applications. Molecular materials also offer
significant advantages in comparison to classical inorganic counterparts especially for
flexible and large-area applications. The electroluminascence (EL) observed in the
visible range of the EM spectrum from these materials [5, 20,22] indicates their
potential in many optoelectronic applications. These materials can also be easily
chemically tuned to alter their properties like the emission c lour so that it can cover
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the entire visible range of the electromagnetic spectrum [6–8].
Although molecular materials are exciting, they also have several drawbacks. Molecu-
lar materials in general have large bandgap and low conductivity. Due to the amorphous
nature of the molecular films, there are high amount of defects and trap densities which
leads to low carrier mobilities. Also the doping efficiency of molecular materials is
known to be low [52]. Molecular materials are also very fragile as weak forces are bind-
ing them. Fragility, leads to degradation effects under theelectrical excitation [53, 54].
Small molecules often undergo oxidation and reduction reactions, when exposed to
ambient conditions which results in formation of defects [52]. Molecular materials
are also very difficult to synthesize with high purity levels[55]. Often they have to
be purified multiple times post synthesis to achieve acceptable purity levels [55]. The
device performance and reproducibility of the device are stongly dependent on the
purity levels of the materials.
2.1 Atoms to Molecules
A molecule is a complex system consisting of many atoms and electrons. To understand
the molecular optical properties or to understand the molecular response under the influ-
ence of external fields (such as electric or magnetic fields),we need an understanding
of the electronic energy levels of a molecule. The electronic structure of aggregates
of molecules is determined by the individual molecule itself, so understanding the
electronic energy levels of an individual molecule is vital.
A complex system such as a molecule consisting of many electrons and nuclei is
treated as many body system. The solution of many body several pa ticle system is
not trivial. A molecule consisting of N electrons and M nuclei with electron location
{ r }=x · i+y · j+z ·k and the location of the nuclei {R}=X · i+Y · j+Z ·k, is solved with
the help of quantum mechanics [14]. The solution of quantum mechanical Schrödinger
equation results in the wave function	n which corresponds to the eigenstate and the
corresponding energy eigenvalue is represented as En. Together they describe the state
of the system. For mathematical simplicity we restrict ourselves to the stationary state
of the molecule. The time-independent Schrödinger equation is [14]HT	n(frg, fRg) = En	n(frg, fRg) (2.1)
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where n is the quantum number describing the eigenstate statandHT is the total
Hamiltonian of the system. The electronic and the nuclear degrees of freedom are
described by the Hamiltonian [14]HT = He e(frg) +Hn n(fRg) +He n(frg, fRg) (2.2)
whereHe e describes the kinetic energy of the electrons, which contains the term for
potential energy resulting from Coulomb interactions between electrons.He e(frg) =Xi=1 p2i2mi + 12 i>jXi,j e2jri   rjj (2.3)
WhileHn n describes the kinetic energy of the nuclei, which also contains the term for
potential energy of nuclei resulting from Coulomb interactions [14].Hn n(fRg) =XI P2I2MI + 12 I>JXI,J ZIZJe2jRI   RJj (2.4)
AndHe n describes the potential energy resulting from coulomb interactions between
electrons and the nuclei [14].He n(frg, fRg) =  12XI,i ZIe2jRI   rij (2.5)
The subscripts i and j refer to electrons, while the subscripts I and J to nuclei. ZI is the
atomic number of theIth nuclei, m and M are the electron and nuclear masses and e is
the electronic charge.
2.1.1 Born-Oppenheimer Approximation
An exact solution of the above equation for a molecule composed of many atoms
is unrealistic either analytically or numerically. The complexity of the problem is
reduced by splitting the total wave function	n as an electronic componenteln and
a nuclear componentn. The splitting of the total wave function into electron and
nuclear component is only possible due to the large difference between electron and
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the nuclear mass. The large mass difference makes electron dynamics instantaneous
for any changes in the nuclear coordinates. The electrons effectively feel a static
nuclear potential [15, 52, 56]. The energy levels of a molecule are derived by fixing the
nuclear positions. With the above approximations, the wavefunction	n can be written
as [15, 18] 	n(frg, fRg) = eln (frg, fRg)n(fRg) . (2.6)
Under the Born-Oppenheimer approximation the Schrödingerequation2.1can be split
into an electronic and nuclear part. The electronic wave functio satisfiesHeleln =   ~22me Xi d2elndx2i + i>jXi,j 1jri   rjj  XI,i ZIjRI   rij + I>JXI,J ZIZJjRI   RJj!eln
(2.7)
where the electronic Hamiltonian is a function of the nuclear configuration. The
electronic wave function and electronic energy depend on the electronic quantum
number and the nuclear coordinates. By solving equation2.7 for different nuclear
configurations, we obtain set of solutions which allow us to construct the molecular
electronic states as the potential energy hyper surfacesEn(fRg) [15].
The nuclear wave function satisfiesHnun =  ~22 XI 1MI d2ndX2I + Enn . (2.8)
Equation2.8describes the vibrations and rotations of nuclei. The electron and nuclear
energies are distinct on the potential energy hyper surface, as there is large difference
between the electron and the nuclear mass [15]. For each electronic state there exists
a set of vibrational states characterized by the vibrational qu ntum numberv, and for
each vibrational state there exists a large number of rotation l states characterized by
the rotational quantum number J as shown in Figure2.1.
The complete Born-Oppenheimer wave function with solutions to the electronic and
the nuclear part of the Schrödinger equation reads	BO(frg, fRg) = elne(frg, fRg)nvv (fRg, ne) (2.9)
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Figure 2.1: Born-Oppenheimer principle: Simplified representation oftwo electronic states
as a function of nuclear coordinates with their equilibriumnuclear distances Qe and their
vibrational and rotational levels, bond energies and electronic energies. Adapted from refer-
ence [15].
and the total energy of the molecule in a particular state is [15]EBO = Eelne + Envv (ne) (2.10)
or EBO = Eeln (fRg) + Evib(fRg) + Erot(fRg) . (2.11)
2.1.2 Independent-electron approximation: Molecular
Orbitals
Even with the Born-Oppenheimer approximation, the problemr ains unsolvable
analytically. An additional independent-electron approximation is made to reduce the
complexity. Under the independent-electron approximation [50], the electron-electron
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interaction terms in the electronic Hamiltonian are not taken into account. Under this
approximation the electronic part of the wave function becomes product of one-electron
wave functions [15, 18] Heli = Eni (2.12)
wherei are the one electron wave functions.H(0)el (0)i =   ~22me Xi d2(0)idx2i + XI,i ZIjRI   rij + I>JXI,J ZIZJjRI   RJj!(0)i , (2.13)H(0)el (0)i = NXi=1 H(0)eli (0)i . (2.14)
where the superscript (0) indicates the HamiltonianH(0)el is a zeroth order approxi-
mation. With respect to electron exchange, the total electronic wave function is an
asymmetric product of single electron wave functionsi [18](1, 2....., N) = NYi=1 i(i) . (2.15)
The electronic energy levels of a molecule are therefore a set of one-electron energy
levels called molecular orbitals. The reduction of electronic Hamiltonian into a product
of one electron wave functions depends on the complexity of the many electron poten-
tial energy term i.e., the ease with which the potential energy term can be expressed as a
sum of “effective” one electron energy terms. The independent electron approximation
basically allows us to construct the lowest energy state or ground state of a molecule by
placing the electrons into the lowest energy orbital until all of the available electrons
are filled.
2.1.3 The LCAO Approximation
The molecular orbital is formed through linear combinationof atomic orbitals (LCAO).
LCAO is an approximate approach, in which the molecular orbital  results from the
linear combination of atomic orbitals of the individual atoms the molecule is made
of. LCAO approximation is based on the assumption that when ta oms combine
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to form the molecule, the electronic wave functions retain much of their atomic orbital
characteristics. For polyatomic molecules with n atoms, the molecular orbital is taken
as linear combination of [15]  = nXi ii (2.16)
wherei are unknown coefficients. The coefficients are calculated from the variational
principle. The exact eigenfunctionsel are solutions of the Schrödinger equationHel = Enel with exact energiesEel(fRg) in the variational principle. The approxi-
mate solution function results in the expectation value of energyE = hjHjihji (2.17)
wherehjHji is the the Dirac notation and is equivalent toR Hdel anddel =r2drsindd. By minimizing the variational integral2.17 over the one-electron
Hamiltonian, the expectation value of energy assumes a minima for exact solutions
of Schrödinger equation [15]. The solution of variational integral usually results in
the secular determinant. The solution of the secular determinant results in the energy
eigenvalue equivalent to the dimensions of the determinant[15].
We consider very simple diatomic hydrogen molecule (H2) for illustrating the LCAO
principle. Each hydrogen atom has an electron and the LCAO function can be written
as = 1A + 2B whereA andB are normalized atomic orbitals. The normalized
molecular wave function is = 1A + 2Bp21 + 22 + 212SAB (2.18)
with SAB = R ABd . When two atoms are brought together, their atomic orbitals
overlap and the coulomb interactions between the atom and electrons results in splitting
of the energy E = HAA  HAB1 SAB , (2.19)
whereHAA is the Coulomb integral which determines the energy of an electron in
the orbitali, andHAB is the resonance or exchange integral, which is a measure for
strength of the bonding interaction as a result of the overlap betweeni andj. SAB
represents the overlap integral (the amount of overlap between the orbitals).
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The solutions for energy can be interpreted in simple terms.The atomic orbitals are
nothing but wave functions and different wave functions canbe combined similar to
how the waves combine i.e, in-phase or out-of-phase. When 1satomic orbitals (e.g.
hydrogen atom) approach each other they overlap and Coulombinteractions between
atom cores and electrons will split the atomic orbital to form two new molecular orbitals
as shown in Figure2.2 [16]. The molecular orbital having lower energy is known as
bonding orbital, while the higher energy molecular orbitals known as antibonding
orbital. In bonding orbitals, there is usually an enhancement of the probability of
finding an electron in the internuclear region. In antibonding orbitals the orbital density
between the hydrogen atoms is reduced in comparison to the densities of the isolated
atomic orbitals. The 2s atomic orbitals combine same way as 1s atomic orbitals.
In
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re
a
s
in
g
 e
n
e
rg
y
   combine 
out of phase
combine
in phase
   1s 
atomic
orbital
Hydrogen
  atom Á
(full) bonding molecular orbital
(empty) antibonding molecular orbital
   1s 
atomic
orbital
Hydrogen
  atom B
Figure 2.2: Hydrogen molecule resulting from combination of two 1s hydrogen atomic orbitals.
Adapted from reference [16].
There are more possibilities for linear combinations of atomic orbitals for p orbitals
the resulting molecular orbitals as function of energy is shown in Figure2.3. The *
superscript usually indicates the antibonding orbital.
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Figure 2.3: Linear combination of homonuclear atomic orbitals and the resulting molecular
orbitals as function of energy shown for p orbitals. Adaptedfrom reference [16].
2.1.4 Hybridization of atomic orbitals
Hybridization is a process of mixing the atomic orbitals forthe bond formation. Carbon
has six electrons which are distributed around nucleus as 1s2 2s2 2p2. There are four
valence electrons available for bonding as the 2p orbital can h ve maximum of 6
electrons. The two s electrons are paired, and the two p electrons are unpaired in two of
the three mutually perpendicular p orbitals. Another possible electronic configuration
the carbon atom can have is realized by mixing the 2s and the thre 2p orbitals to obtain
a set of four equivalent degenerate orbitals, known as asp3 hybrid orbitals. These
orbitals are oriented in such a way that each orbital is at thecorner of an equivalent
tetrahedron. Methane, CH4, is an example forsp3 bonding.
One more possibility for the electronic configuration of carbon atom is realized by
combining the one s and two p orbitals (e.g., px py) to form threesp2 orbitals (sp2
hybridization). The threesp2 orbitals are coplanar and are 120Æ apart from each other
and the resulting bonds from these orbitals are termed as bonds. The pz atomic
orbitals remains unaltered and are perpendicular to the plane of thesp2 orbitals as
shown in the Figure2.4.
Let us consider another simple planar molecule Ethene or ethylene (C2H4). The
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molecule has five bonds (one C-C and four C-H) in plane and a bond results
from the two 2pz orbitals which are in the out of plane geometry. The pz orbital of
each carbon atom is perpendicular to the plane containing all the carbon atoms and
the spacing between the carbon atoms also assists in the overlap b tween neighboring
pz orbitals, resulting in the molecular bond shown in the Figure2.5. The bond
establishes a delocalized electron density above and belowthe plane of the carbon
atoms with zero-electron density in the nodal plane coinciding with the plane of
the molecule. Sharing of atomic p-orbitals results in a molecular orbital referred to as
a -system that spans the entire backbone of an aromatic molecule. As a result, the
electrons are delocalized and mobile within the-system. The weaker overlap of the
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Figure 2.5: sp2 hybrid orbitals of ethene (ethylene):The bond formed by two 2pz orbitals
above and below the plane form a delocalised electron cloud.Adapted from reference [16].
pz orbitals results in lower energy splitting between (bonding) and (antibonding)
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orbitals in comparison to the energy splitting of the-orbitals which are strongly
bound (Figure2.3). In the molecular ground state, the electrons occupy the and
bonding orbitals while the antibonding orbitals and are empty. Therefore, the
highest occupied molecular orbital (HOMO) is generally a orbital, and the lowest
unoccupied molecular orbital (LUMO) is a orbital. The lowest energetic transitions
are usually  transitions due to small energy splitting of the orbitals. The optical
and the electrical properties of the conjugated molecules are m inly dependent on the
orbital overlap hence-conjugated molecules play an important role in optoelectronic
devices [57].
2.1.5 Electron spin
Until now spin of the electron was not considered. Electronshave spin of magnitude
s=12 which may have two possible values of spin quantum number ms=12 . The s=12 and
ms= + 12 statej12 , 12i is denoted asj "i and s=12 and ms= - 12 statej12 , 12i is denoted asj #i [18]. The spin and the fermionic property of the electrons istaken into account by
multiplying the spatial part of the electronic wavefunction q by a spin wave function(s) [15, 18]. We define the spin containing wave function as [18], (q1, q2, q3, ......, qN) = NYi=1 eli (qi)i(i) (2.20)
wherei(i) is either j " (i)i or j # (i)i. According to Pauli principle, the total
wave function	 of a collection of fermions must be antisymmetric under the particle
exchange. With the inclusion of electron spin, the total wave function does not satisfy
Pauli exclusion principle.	e(1, 2, ......, i, ...., j, ...., N) =  	e(1, 2, ......, j, ...., i, ...., N) . (2.21)
The total wave function is made to obey the Pauli exclusion pri ciple by taking linear
combinations of the wave function of the form2.20. The wave functions satisfying
Pauli principle are written usually in the form of Slater determinant [15]. The Slater
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determinant for a wave function containing N electrons in their ground state is, (1, 2, .., N) = 1pN!  1(1)1(1) 1(2)1(2)    1(N)1(N)2(1)2(1) 2(2)2(2)    2(N)2(N)... ... . . . ...N(1)N(1) N(1)N(1)    N(N)N(N)
 . (2.22)
The (pN!) 1 term is the normalization factor originating fromN! permutations of
the electron states. are spin orbitals. Placing three or more electrons into the same
orbital will result in two or more columns of the determinantto be same and the
value of the determinant will be zero. Interchanging any twoelectrons corresponds to
interchange of two columns, which changes the sign of the detrminant. As a result of
the Pauli principle, the molecular orbitals are filled from the ground state by placing
two electrons with antiparallel spins in every orbital.
2.1.6 Neutral and excited states of the molecule
The neutral state of a molecule is obtained by placing spin-uand spin-down electron
in the lowest-energy orbital available according to the Aufbau principle as shown in
Figure2.6 (a) [18]. For a neutral molecule the lowest-energy transitions are between
HOMO and the LUMO as shown in Figure2.6(b) [18]. An ionized molecule is a result
of an electron transfer from HOMO of one molecule to the LUMO of another molecule,
this results in free charge carriers as shown in Figure2.6(c) [18].
2.1.7 Singlet and Triplets
According to quantum mechanics, if J is the total angular momentum of a system
composed of two spins J1 and J2, then allowed J values are J1 - J2 to J1 + J2. Therefore J
can have value 0 or 1. Also quantum mechanically a state is repres nted by taking into
account both the angular momentum and the spin asj J1 J2; J mJ i. The addition of two
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Figure 2.6: The energy levels of electrons in a molecule. (a) The neutrals ate of a molecule
results from placing one spin-up and one spin-down electroninto the lowest-energy orbital
available according to Aufbau principle, until all electrons are accounted for. (b) For a
neutral molecule the lowest-energy transitions are between highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).(c An ionized molecule results
from the transfer of an electron from HOMO of one molecule to LUMO of another by which free
charge carriers are generated. Adapted from reference [18].
spin-1/2 particles with each particle having either spin upor spin down results in total
spin values from S1 - S2 to S1 + S2 either 0 or 1. The S=0 state has only one possible z
component mS=0 and is called the singlet state and the wave function is antymmetric
with respect to particle exchange [18],j0, 0i = 1p2 [j "#ij #"i   j #"ij "#i℄ . (2.23)
The S=1 state has three possible z components mS= 1, 0, and -1. These are called the
triplet states. There are three possible ways to form a spin-wave function, all symmetric
under exchange [18]:
2.1 2.1 Atoms to Molecules 19j1, 0i = 1p2 [j "#ij #"i+ j #"ij "#i℄ (2.24)j1,+1i = j ""i (2.25)j1, 1i = j ##i (2.26)
where" and# represent the possible spin states of each electron.
The total wave function	 (which includes the spin part) can be constructed by taking
linear combinations of spin wave functions [18],	S = 1p2 [ "#    #"℄ (2.27)
and 	T = 1p2 [ "# +  #"℄	T =  ""	T =  ## . (2.28)
Classically the coupling of individual spins into a composite system is interpreted as
spin precession in presence of an external magnetic field in z-d rection. The individual
spins can point in any direction but the spin is quantized in zdirection. The coupling
of individual spins is shown in Figure2.7.
2.1.8 Mixing of singlet and triplets: Spin orbit coupling
An interaction between magnetic field which is due to the orbital motion of an electrons
surrounding the nucleus and the magnetic field that arises from the electron spin itself
causes spin-orbit coupling. Spin-orbit coupling is quantit tively described as follows.
An electron orbiting around an atomic nucleus with velocityv in a circle of radius r
produces a current I =  qv2r . (2.29)
Since the area enclosed isr2, the z-component of the magnetic dipole moment isMz = Ir2 =  q2MeJz =  BJz} (2.30)
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Figure 2.7: Classical representation of the spin precession and coupling of spins pictorially in
the presence of an external magnetic field pointing along thez-axis.
where Me is the electron mass, q is the electron charge, and Jz is the z-component of the
orbital angular momentum of the electron andB is the Bohr magneton. The resulting
magnetic dipole moment interacts with the magnetic moment Ms associated with the
electron’s spin angular moment S,Ms =  gsBS} . (2.31)
In the hydrogen like atom, the electron is moving under the nuclear potential. The
potential arising from a nucleus of charge Zq atom is V=-Zq240r . The spin-orbit
Hamiltonian for an electron in a central field V=V(r) is [58],Hso =   12m2e2 1r dV(r)dr J.S (2.32)
where me is the mass of an electron and J is the angular momentum and S isthe spin of
the electron. Substituting for V(r) [58],Hso =   Zq280m2e2r3L.S = J.S . (2.33)
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The spin-orbit interaction is proportional to J.S, where =   Zq280m2e2r3 . (2.34)
The expectation value of r 3 for hydrogenic orbitals is [58],hr 3i =   Z3a3n3j(j+ 12)(j+ 1) (2.35)
wherea = }/Zme is the Bohr radius divided by the nuclear charge Z. So the overall
interaction is proportional to Z4 where Z is the atomic number. Therefore the energy of
the spin-orbit interaction is significant only in heavy atoms.
2.1.9 Electron-Electron interaction: Singlet-triplet sp litting
Electron-electron interaction was excluded and not taken into account so far. The
electron electron interactions play an important role and they lift the degeneracy
in energy levels of singlets and triplets. The interaction energy between electrons
(electron-electron repulsion) for a singlet state S with wave function that is spatially
symmetric as well as antisymmetric under particle exchangeis written as follows [17],E+ = q240 h +j 1r12 j +i (2.36)E+ = q280 hfa(1)b(2) + b(1)a(2)gj 1r12 jfa(1)b(2) + b(1)a(2)gi (2.37)
where a and b are the individual electron wave functions, together they constitute the
total wave function for the excited state [17]E+ = J+K . (2.38)
The the Coulomb integral J is defined as [17]J = q240 hfa(1)b(2)gj 1r12 jfa(1)b(2)gi , (2.39)
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while the exchange integral K is defined as [17]K = q240 hfa(1)b(2)gj 1r12 jfa(2)b(1)gi . (2.40)
Similarly the interaction energy between electrons for a triplet state T, with a wave
function that is spatially antisymmetric under particle exchange is written as [17],E  = q240 h  j 1r12 j  i (2.41)E  = q280 hfa(1)b(2)  b(1)a(2)gj 1r12 jfa(1)b(2)  b(1)a(2)gi (2.42)E  = J  K (2.43)
where a and b are individual electron wave functions. From equation 2.36 and
equation2.41, we can see the singlet state to be higher in energy in comparison to
the triplet state by an amountE = 2K, which is known as exchange energy.
2.2 Interaction of molecules with electromagnetic
radiation
Molecular materials absorb and emit light in the ultraviolet (UV) and visible (VIS)
range of the electromagnetic spectrum, which is highly desirable in optoelectronic de-
vices. UV and VIS region is a part of the electromagnetic (EM)spectrum (Figure2.8).
EM spectrum also consists of other regions, infrared (IR) radiation, radio waves, X-
rays, etc. The electromagnetic radiation or light is an oscillating electric and magnetic
Radio
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Visible Radiation
UV Rays X-Rays Gamma Rays
700nm 400nm
Figure 2.8: The visible spectrum of the EM radiation. Adapted from www.zebu.uoregon.edu.
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field, the electric and the magnetic field are oscillating perpendicular to each other as
well as to the direction of propagation [59].
Quantum mechanically the absorption and emission of electromagnetic radiation occurs
via the quantum unit of light called photon. The energy and momentum of a photon
depend on frequency () or inversely on its wavelength (),E = h = h (2.44)
where, h is Planck’s constant (h = 6.62610 34 Js and c is the speed of light in vacuum
(c = 2.9979108 m/s).
2.2.1 Absorption of light by a molecule
A photon is absorbed by a molecule only when the photon energycorresponds to the
difference of energy between two stationary states of the mol cule. When a molecule
interacts with an electromagnetic radiation, it can undergo a transition from ground
state to excited state via coupling of the electromagnetic field to the transition dipole
moment. The transition dipole moment is defined as the electric dipole moment
associated with the transition between the two states [15, 60].
A molecule in a state i with energy Ei can undergo a transition to state f with energy Ef ,
by absorbing light with frequency, if the relationEf   Ei = h (2.45)
is fulfilled. Similarly a transition from a higher energy state to a lower energy state
results in the emission of a photon.
Transition probability: Fermi’s golden rule
An electromagnetic field with frequency!=(Ef-Ei)/} causes the transition from initial
state to excited state with wave functions	i and	f . According to quantum mechanical
time dependent perturbation theory, the transition probability is given by Fermi’s
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golden rule, which states that the transition probability is proportional to the square
of the matrix element and to the density of states(E) [15],Ti!f = 2} jh	f jifj	iij2 ·(E) (2.46)
whereh	f jifj	ii is the transition moment between molecular states i and f, described
by the wave functions	i and	f and is an operator which corresponds to the dipole
moment. The dipole moment is the sum of the electronic and nuclear dipole moments
(el+N).
The relative transition intensities are proportional to the magnitude of the electronic
transition dipole moment between the initial and final electronic states,jelj2, and the
overlap of the vibrational modes of the two states in their respective electronic states,
this term is usually known as Franck-Condon factor [15].
Franck-Condon principle
A molecule can be excited by an EM field and the resulting optical transitions are
governed by the Franck-Condon principle. The Frank-Condonpri ciple states that
the electronic transitions occur within the stationary nuclear framework (due to large
mass difference between the electron and the nuclei). The electrons respond so fast
that the nuclei remain unaffected during the electronic transitions hence, the electronic
transitions are always represented vertically as shown in Figure 2.9 [15]. An optical
transition occurs from an electronic energy level to a higher el ctronic energy level,
only when the vibrational state wave function of the excitedl vel resembles that of
the ground state. The transition strength between two states depends on the Franck-
Condon factor, defined as the square of the overlap of the nuclear vibrational wave
functions of the initial and final state [15].
Upon absorption of a photon, a molecule in its electronic ground state is excited to
any of the higher electronic states. The excited electronicstate quickly relaxes back
to its lowest vibrational level on a time scale of 10 13 seconds. Only from the lowest
vibrational level of an excited electronic state, it can relax back to the electronic ground
state via photon emission. This process is known as Kasha’s rule [52]. Therefore the
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Figure 2.9: Frank-Condon principle governs the optical transitions.
absorption and emission spectra have mirror symmetry.
Emission is similar to absorption process, except that the vibrational state of the
molecule relaxes between the absorption and emission. During this relaxation the
energy is dissipated nonradiatively to the surrounding, hence the energy of the emitted
radiation is lower than that of the absorbed radiation. Therefore, the resulting emission
has longer wavelengths than the absorbed light. The shift ofthe emission maximum
with respect to the absorption maximum is usually referred to as Franck-Condon shift
or Stokes shift.
Selection rules for electronic transitions
Absorption of an electromagnetic radiation results in an excit d state of the molecule.
There are several ways the molecule can relax back to its ground state. The unimolec-
ular relaxation paths for an excited molecule are shown in Figure2.10[52].
When a molecule absorbs energy, the transition probabilityis governed by the Fermi’s
golden rule. Not all the transitions are allowed, there is restriction on the number
of allowed transitions. Forbidden transitions result fromsymmetry considerations of
initial and final state. The Pauli principle states that the total wave function must be
26 2 Semiconducting molecular materials and their physical concepts 2.2
antisymmetric with respect to the interchange of any pair ofelectrons. So the total
wave function (composed of the electronic and spin wave functio s) must have opposite
symmetry. Also the singlet spin wave function should be antisymmetric and the triplet
spin wave function should be symmetric under the particle exchange. As a consequence
of the symmetry considerations, the excited singlets are allowed to relax back to the
ground state while the triplets are forbidden.
The radiative transitions usually compete with the nonradiative transitions. Internal
conversion (IC) and inter system crossing (ISC) are nonradiative transitions between
electronic states which donot require interaction with theEM radiation. Internal
conversion happens rapidly on a time scale of the order of picose onds. During this
time interval the higher lying excited states relax to the ground state within the same
spin multiplicity. During this process the excess energy isdissipated as heat to the
surrounding lattice. Intersystem crossing is another nonradiative transition, where
singlets are converted to triplets. The singlet to triplet conversion involves spin flip
of the orbital electron hence is only prominent in systems that have strong spin orbit
coupling.
Molecular Spectra
The absorption spectra of atoms consist of sharp lines, while t e absorption spectra
of molecules consists of broad bands. Polyatomic moleculeshave large number of
vibrational modes and all these are vibrating with different frequencies and also the
energy levels are very closely spaced in these molecules. The absorption spectra of
polyatomic molecules in solid phase in general consist of only broad unstructured
bands. In dense media such as solids or liquids the spectra are broadened due to
inhomogeneous intermolecular interactions [15, 60].
2.2.2 Emission of light
An electronically excited state emits a photon and the process is known as lumines-
cence. Luminescence results from the transitions between states of either equal or
different multiplicity.
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Figure 2.10: Several possible relaxation pathways for an excited molecule. Adapted from
reference [19].
Fluorescence and Phosphorescence in molecular materials
Due to symmetry considerations, we know that excited singlets are allowed to relax
back to the ground state, while the triplets are forbidden torelax back to the ground
state. A singlet relaxation to the ground state with a photonemission is known as
fluorescence [61]. The triplet relaxation to the ground state is spin forbidden and
usually does not lead to photon emission. This selection rule is relaxed due to spin orbit
coupling and this transition results in photon emission know as phosphorescence [61].
Phosphorescence corresponds to a transition from the thermally equilibrated lowest
triplet state T1 into the ground state S0 and the phosphorescence spectrum is also a
mirror image of the S0 ! T1 absorption spectrum. However, these transitions are spin
forbidden and therefore difficult to observe as they are verylow intensity transitions
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[62]. Triplet excitons have usually very long lifetimes (s to s) and decay to the ground
state very slowly in comparison to singlet excitons ( ns).
Photoluminescence Quantum yield/efficiency
A quantity called photoluminescence (PL) quantum yield/effici ncy is defined to quan-
tify the ratio of radiative to non radiative processes in a molecule. It is the ratio of
the number of photons emitted to the number of photons that are absorbed by the
molecule [63, 64].
If PR = 1/tR is the radiative transition probability and PNR = 1/tNR is the non-radiative
transition probability, then the photoluminescence quantm yield/efficiency is defined
as [19],  = PRPR + PNR (2.47) = (1/tR)(1/tR + 1/tNR) . (2.48)
2.3 From molecules to molecular solids
Molecular semiconducting films consist of molecules held toge her by weak inter-
molecular forces. This weak interaction in stable, inert and closed-shell molecules is a
result of quantum fluctuations. The average charge distribution in a non-polar molecule
is usually spatially symmetric and only molecular vibrations cause a net dipole moment
at any instant of time. This fluctuating dipole moment will poarize the closed electron
shell of neighboring molecule and induces a dipole moment ini . This interaction
is known as van der Waals interaction [16, 50]. If the instantdipole moment of one
molecule is p1 then the associated electric field is E = p1/r3. This will induce a dipole
moment in a neighboring molecule proportional to the field: p2 = E = p1/r3, where is the polarizability of the molecule. Then energy of dipoleinteraction is [15]E = p1p2r3 = p21r6 . (2.49)
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Cohesive Energy of Molecular solids
If only attractive 1/r6 interactions were present, the molecular solid would collapse.
When two molecules approach each other, at very small distances the electron orbitals
of these two molecules will overlap and the molecules start to epel each other. This
interaction is very similar to the case of two rigid spheres approaching each other.
Therefore the interaction between two neutral molecules issimilar to the Lennard-Jones
potential [15], which contains the weak van der Waals interaction and the short distance
repulsion term, ULJ = 4  &r12   &r6 (2.50)
where is the depth of the potential well,& is the finite distance at which the inter-
particle potential is zero, and r is the distance between theparticles. The r 12 term in the
above equation is the repulsive term which describes short range repulsion between the
electron clouds and the r 6 term describes the long-range attractive interaction betwe n
electrons due to van der Waals force. Long range electrostatic forces also play an
important role in the molecular interactions in case of polar molecules (molecules with
permanent dipole moment).
2.3.1 Charge transport in molecular solids
Molecular semiconductors preferentially transport either oles or electrons. A molec-
ular material is referred to as a hole or electron transporting layer (HTL or ETL),
depending on how close the ionization energy (IE) or the electron affinity (EA) are
to the Fermi level of the electrode [65]. The charge transport is basically characterized
by the carrier mobility defined as the drift velocity per unitelectric field. If there is
no external field, the charge carrier mobility is due to diffusion and is described by
the diffusion equation. The mobility is related to the diffusion coefficient via the
Einstein-Smoluchowski equation = qD/kBT, where kB is the Boltzmann constant and
q is the electron charge, D is the diffusion coefficient and T the temperature [65]. Under
the influence of an externally applied electric field (F) the carge carrier drifts and the
drift velocity leads to a current density J = qn F , where is the mobility, n is the
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charge carrier density [65].
Mobility is not an intrinsic property of the material and is not fixed for a molecular
material. It is strongly dependent on many factors like molecular packing, amount
of disorder, temperature, impurities, electric field, pressure, and charge carrier den-
sity [65]. The way the mobility measurements are performed experimentally to obtain also strongly influences the mobility values. To determine th mobility of charge
carriers, the following experimental methods are employed[65]
• Time-of-flight [66, 67]
• Field-effect-transistor measurements [32]
• Space charge limited current (SCLC) measurements (Mott-Gurney law) [68]
• Time-Resolved microwave conductivity [69]
Following references give an extensive coverage of the charge transport mechanism
[52, 70–78].
Hopping Transport in molecular solids
For conventional inorganic semiconductors the charge carrier wave functions are de-
localized. This is also confirmed from the experimental findings, for germanium at
room temperature the nearest-neighbor lattice spacing is of the order of 0.25 nm while
the mean free path of the charge carriers is of the order of 100nm [65]. In contrast,
for molecular organic semiconductors, the charge carrier wave functions are highly
localized. The charge carriers move through the lattice viahopping mechanism [52].
In molecular thin films, orbitals of neighboring conjugatedorganic molecules overlap,
which allows electrons to hop from one molecule to another. Electrons hop between the
lowest unoccupied molecular orbital (LUMO) levels of neighboring molecules while
holes hop between highest occupied molecular orbital (HOMO) levels of neighboring
molecules. The hopping rate is related to mobility.
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Charge transport in molecular solids is described by a formalis based on disor-
der [73, 79]. The energetic disorder in these films is due to random orientation of
molecules and their dipoles. The dipole moment disorder causes a Gaussian distribution
in energy [73, 79]. Disorder models are based on inhomogeneous broadening of the
hopping-site energies and the corresponding density of states is given by,(E) = 1p2 exp E22 2  . (2.51)
This is a reasonable assumption as the absorption and emission spectra in molecular
solids are usually of Gaussian shape. Here, E is measured relative to the center of the
distribution and  is the width of the Gaussian. The hopping model is based on the
assumption that the polaronic effects can be excluded [75].
The hopping rate for the carrier to jump from site i to j with the frequency0 is given by
Miller-Abraham equations, which governs the rate of carrier hop from site i to j [65, 80] = 0exp( 2Xij) ; forE < 0 (DownwordHop) (2.52) = 0exp( 2Xij)exp EijkBT ; forE > 0 (UpwordHop) (2.53)
where is the overlap factor,0 is the hopping frequency, Xij is the separation between
sites i and j and Eij are site energies.
1. Phonon assisted hopping transport in molecular solids:
In a disordered molecular solid phonon’s or lattice vibrations assist charge carrier
transport from one site to the next nearest site [70]. The lattice vibrations modify
the local potential experienced by the charge carrier so that the charge carrier can
hop through the deformed potential well. During the hoppingprocess the charge
carriers polarize the surrounding of a molecule. The chargecarrier and the result-
ing lattice deformation together form a quasi particle called polaron [70]. The
temperature dependence of the mobility of the polaron in a lattice is thermally
activated and is of Arrhenius form / T nexpEpolkBT  (2.54)
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where E is the polaron binding energy and the exponent n lies between 1 and
1.5 [70].
2. Electric field assisted hopping transport in molecular solids:
Under the influence of an external applied electric field the potential well ex-
perienced by the charge carrier can also be deformed and the energy barrier
and activation energy are lowered. So that there is higher probability for the
trapped charge carrier to get free. The charge carrier mobility in this case is of
the form [65, 75]  = 0exp EakBT (2.55)
where0 is the zero field mobility. Apart from the temperature dependence, the
mobility is also dependent on the electric field and the charge carrier density.
The mobility with its complex dependence on temperature, elctric field and
charge carrier density is difficult to explain by a unified theory [70–75], although
recently there have been significant attempts to address thiproblem [76, 77].
The temperature dependence of mobility (related to latticephonons) in the
presence of a Gaussian-type disorder reads [65]:(T) = 0exp    kBT2! (2.56)
where describes the extent of energetic disorder. The field dependence in the
range 104-106 V cm 1 generally obeys a Poole-Frenkel behavior [65]:(F) = 0exppF (2.57)
where is temperature dependent and F denotes the electric field. Atow electric
fields, the charge carriers follow percolation paths and avoid structural defects,
while higher electric field forces the directionality and reduces the percolation
pathways hence increasing the the probability to meet defects, thereby reducing
the mobility. The mobility is also influenced by the charge carrier density. The
dependence of mobility on the charge carriers is described by the following
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empirical relation [81, 82]:(n) = 0 + 0e    T4 sin  T  (2)3 B ! /T n(  1/T) (2.58)
where0 is a prefactor for the conductivity, is the effective overlap parameter
between localized states,  is a measure of the extent of energetic disorder, and
B is a critical number for the onset of percolation.
2.3.2 Excited States of Aggregates of Molecules
The charge carrier and the lattice deformation together form a quasi particle called
polaron [52]. Positive and negative polarons are called electrons and holes in this
thesis. When two oppositely charged polarons move towards each other and come
close enough they experience the Coulomb force. Polarons may recombine on a single
molecule by annihilating each other and in the process releasing the excess energy to the
surrounding lattice or they may also form a new quasi particle called an exciton [52].
An exciton is a bound electron-hole pair. Excitons may recombine radiatively on a
molecule by releasing a photon or they may also decay non-radiatively releasing energy
to the surrounding lattice. Excitons can also hop from one molecule to another by
means of Förster or Dexter transfer processes.
There are three different types of excitons, Wannier-Mott,Frenkel, and charge transfer
(CT) excitons [52]. The Wannier-Mott exciton is weakly bound electron hole pair
and has larger radius. This type of exciton is usually observed in classical inorganic
semiconductors. For a Wannier-Mott exciton, the electron and hole pair need not reside
on the same atom. The radius is roughly of the order of 4-10 nm,much larger than the
intermolecular distance as shown in Figure2.11. Frenkel excitons on the other hand
are usually observed in molecular semiconductors and have smaller radius (<0.5 nm).
They reside on a single molecule as shown in Figure2.11. In the case of charge transfer
exciton an electron and a hole reside on the neighboring molecules. The charge-transfer
exciton is an intermediate state between the Frenkel and Wannier-Mott exciton.
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Figure 2.11:Types of exciton: Frenkel and Wannier excitons. Adapted from reference [19].
2.3.3 Energy transfer in molecular solid
If an excited donor molecule D* relaxes to its ground state bytransferring its electronic
energy to an acceptor molecule A [52],D + A! D+ A (2.59)
the process is termed as an electronic energy transfer.
Energy transfer can occur either radiatively through absorpti n of the emitted radiation
or by means of nonradiative pathways by releasing excess energy to the surrounding
lattice [52].
Radiative energy transfer
Radiative energy transfer occurs, when an excited molecule(donor) relaxes to the
ground state radiatively and the emitted photon is absorbedby the other molecule
(acceptor). The acceptor molecule now is in excited state. In this process the donors
and acceptors may be molecules of different materials or different molecules of the
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same material itself.
For radiative energy transfer to be effective, the photoluminescence (PL)
yield/efficiency of the participating molecules must be high. Also the concentration
of acceptor molecules must be high so that there is high absorption probability. The
acceptor molecule should also have high extinction (absorption) coefficient and there
should be good overlap between the emission spectrum of the donor molecule and the
absorption spectrum of the acceptor molecule [52, 83].
Non-Radiative energy transfer
Förster energy transfer [84] is a non-radiative energy transfer which results from dipole-
dipole interaction between donor and an acceptor molecule.Th energy released from
the recombination of an exciton on the donor molecule is non-radiatively transferred
for creating an exciton on the acceptor molecule.
Förster transfer is treated classically and is a result of the Coulomb interaction between
the excited donor molecule which acts as a dipole and inducesa dipole in the acceptor
molecule, as shown in Figure2.12[17]. Due to its Coulombic nature, Förster transfer
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Figure 2.12: A schematic representation of Förster energy transfer. This is a rapid energy
transfer mechanism between molecules. The range of transfemay extend to 100Å. This is the
dominant energy transfer process for singlet- singlet transitions. Adapted from reference [17].
is a long range energy transfer. The donor and acceptor molecules need not be close to
each other. The emission and absorption spectrum overlap ofthe donor and acceptor
molecules determines the critical distance at which Förster en rgy transfer is effective
and is referred to as Förster radius (typically 10 nm). Förster transfer is the dominant
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energy transfer process between siglets.
Dexter energy transfer [85] is another nonradiative energytransfer process where in a
direct electron exchange occurs between the donor and acceptor molecules as shown
in Figure2.13 [17]. The Dexter energy transfer is only effective when there is large
overlap of electron wave functions between the donor and theacc ptor molecule hence
it is a short range process, with a characteristic distance of 1-3 nm. The Dexter
transfer involves spatial overlap of the electron wave functio s and total spin of the
donor acceptor pair to be conserved hence both the singlet-singlet and triplet-triplet
transfers are allowed.
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Figure 2.13:Dexter energy transfer mechanism. Adapted from reference [17].
Chapter 3
DC-Electroluminescence
This chapter gives a brief overview of an OLED device, its structure,
and the working principle. The efficiency of the device and the possible
parameters that influence the device efficiency and its limitations are briefly
discussed.
Electroluminescence (EL) is an opto-electronic process inwhich a material can emit
light either by the current flow within the material or light emission can also be due to
charging of the molecule by the applied external field acrossthe material. In molecular
semiconductors, the DC-EL is due to radiative recombinatioof injected charges from
the external electrodes. The injected charge carriers hop from one molecule to another
in presence of the applied electric field until they reach a recombination center, where
they recombine. The recombination is usually of Langevin type [86] resulting in
formation of excitons and radiative decay of exciton leads to emission of light.
3.1 Organic Light Emitting Diodes (OLEDs)
OLEDs are light emitting devices that convert the applied electrical energy (current)
into light by exciting the organic semiconducting molecules. Electro-fluorescence
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in an anthracene single crystal sandwiched between electrodes was reported as early
as 1960s [87–89]. These devices required very high turn-on voltages (few hundred
volts) for light emission and exhibited very low power conversion efficiencies. In
the 1980s, Vincett reported blue electroluminescence fromvacuum deposited 0.6m
anthracene films below 100 V [90]. To pass current through single crystals and thick
layers we need to apply very high voltages. The high voltagesrequired for the device
operation reduce the power conversion efficiency of the device. To increase the device
performance and to achieve higher power conversion efficiency, we need to reduce
the turn on voltage and increase the current density. This requir s thin single crystals
or thin films which lowers the resistance of the device considerably. However, the
fabrication of thin single crystals is difficult [90].
Tang and VanSlyke from Kodak achieved the breakthrough in organic EL in
1980s [5, 91]. They used a vacuum processed thin film bilayer heterostructure
sandwich consisting of a material which preferentially transports holes and a material
which preferentially transports electrons. The device structure was similar to the
conventional p-n junction in inorganic LEDs. The DC-OLED devic consisted of
a transparent indium-tin oxide (ITO) anode for light outcoupling, a thin layer of
a hole transporting material N,N’-bis(3-methylphenyl)-N,N’-bis(phenyl)-benzidine
(TPD)) and a thin layer of emissive as well as electron transporting material tris-(8-
hydroxyquinoline) aluminium (Alq3), and an opaque Mg:Ag electrode [5, 91]. The
layer thicknesses were only of the order of few hundred nm forthe device. They could
achieve bright green emission of 1000 cd m 2 when a voltage as low as 10 V was
applied across the device.
3.1.1 Working principle
When a forward bias is applied across the device, holes are injected from an anode into
the hole-transporting layer (HTL) and electrons are injected from the metallic cathode
into the electron-transport layer (ETL). The injected charge carriers are driven under
the influence of the applied electric field via hopping towards the NPB/Alq3 hetero
interface as shown schematically in the Figure3.1. The injected charge carriers
approach each other and when they are close enough they experience the Coulomb
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Figure 3.1: Basic OLED structure demonstrated by Tang and VanSlyke. Thedevice consisted
of a glass substrate precoated and structured with an indiumtin oxide (ITO), which acts as
anode. A hole transporting amorphous molecular semiconductor material (in this case NPB)
and an electron transporting and emissive layer Alq3 are subsequently deposited. The device is
completed by depositing a metallic cathode, in this case Mg:Ag. On the right side the principle
of operation of an OLED is shown along with the energy barriers and the exciton formation in
Alq3 emission layer.
Figure 3.2: The simple heterostructure OLED shown in Figure 3.1 is driven with DC bias. The
EL is mainly from Alq3 molecules. For reference the PL emission spectra of NPB is also shown.
attractive force. They recombine when the charge carrier separation is less than
the Coulomb capture or Onsager radius, defined as the distance where the Coulomb
attractive energy and the thermal dissociation energy are of the same magnitude and is
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given by [52] rC = q24kBT (3.1)
where is the permittivity of the material. They recombine and forma quasi particle
called an exciton which is bound electron-hole pair. The excitons decay radiatively and
emit light.
This device had low operating voltages of the order of 10 V.
Power efficiency of an OLED
To improve the performance of an OLED, we need to understand what defines the
efficiency of an OLED. The power efficiency of an OLED is the ratio of the luminous
power output, as detected by the human eye to the electrical power input. The power
efficiencyP is given by [17, 92, 93]P = LIV . (3.2)
The power efficiencyP basically depends on following parameters [17, 93]P = EQE ~!qV (3.3)
where is the photopic response,EQE is the external quantum efficiency,~! is the
energy of the emitted photon and V is the applied voltage.
The photopic response of the human eye for an incident light is given by [59, 94–96] = R ()V()dR ()d (3.4)
where V() is the photopic response of the human eye and() is an arbitrary
spectrum. The external quantum efficiency is defined as the raio of electron to photon
conversion [17, 93] EQE = Outoupled photonsInjeted eletrons . (3.5)EQE = OutouplingPLEl.E . (3.6)
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Figure 3.3: The luminosity function of normal human eye is different forlow light (scotopic
vision, luminance < 10 2 cdm 2) and normal light (photopic vision, luminance > 1 cdm 2)
conditions.
where is the fraction of the radiative excitons,Outoupling is the outcoupled fraction
of the emitted light andPL is the PL yield/efficiency of the emissive molecule, while
the electrical efficiencyEl.E is defined as the fraction of injected charges that form
excitons.
Photometry Vs Radiometry
The amount of light that is emitted by a light emitting sourcecan be quantified by
radiometric and photometric quantities. Radiometry measures the radiant power in
terms of absolute power units, while the photometry measures radiant power in units
that are weighted with the sensitivity of the human eye [94].The perception of light
by the human eye varies with wavelength of light. The sensitivity of light perception
is also dependent on the amount of radiant flux and other parameters [94]. Therefore,
the radiometric quantities do not describe the brightness of a light source correctly.
Figure3.3 shows the luminosity function of the normal human eye. It is different for
low light (scotopic vision, luminance < 10 2 cdm 2) and normal light (photopic vision,
luminance > 1 cdm 2) conditions. The color perception is only possible for luminance
values greater than 1 cdm 2 and luminosity function V() corresponding to photopic
vision is used for weighting the radiometric values. All radiometric quantities can be
converted into photometric quantities using the photopic luminosity function. Radient
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power [W] of a light source is defined as time rate of flow of radiant energy or radient
flux and is denoted ase. The corresponding photometric quantity is the luminous fluxv, which is measured in lumen [lm]. The relation between both quantities is given
by [17, 94], v = Km Z 780 nm380 nm e()V() d (3.7)
where V() is the luminosity function (photopic response) and the conversion factor
Km=683 lmW 1 for photopic vision and Km=1699 lmW 1 for scotopic vision. Km
corresponds to the luminous flux for a monochromatic light source with a wavelength
of 555 nm (the maximum sensitivity for photopic vision) and aradiant flux of 1 W to
be 683 lm.
Table 3.1:Radiometric and their corresponding photometric quantities. [97].
Radiometric Symbol Unit Photometric Symbol Unit
Quantity Quantity
Radiant flux e W Luminous flux v lm
Radiant intensity Ie W/sr Luminous intensity Iv d = lm/sr
Irradiance Ee W/m2 Illuminance Ev lx = lm/m2
Radiance Le W/m2sr Luminance Lv d/m2
Colour perception: CIE Coordinates
It is possible that the light perceived by the human eye of same lu inance to be made
up of totally different combinations of wavelengths. CIE calorimetry system provides
a means of characterizing the colour perception, which is based on colour matching
functions. There are three colour matching functions as shown in Figure3.4. The values
of the colour matching functions at different wavelengths are known as the spectral
tristimulus values [94].
Chromaticity coordinates or the Commission Internationale de l’Éclairage (CIE) co-
ordinates (x,y) are defined by calculating the tristimulus response of the human
eye [17, 94]. Given any [17, 94] arbitrary spectrum(),x = Z ()X() d (3.8)
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Figure 3.4: The CIE 1931 2Æ standard colour matching functions for the human eye.y = Z ()Y() d (3.9)z = Z ()Z() d (3.10)
where X(),Y() and Z() are the colour matching functions. The CIE coordinates
(x,y) are obtained by normalizing the tristimulus values and arewritten as,x = xx + y + z (3.11)y = yx+ y + z . (3.12)
3.1.2 Strategies for state of the art DC-EL devices
The single layer light emitting devices are inefficient as organic molecules prefer-
entially conduct either electrons or holes hence the electron-hole recombination and
exciton formation zone is located very close to the electrodes. If the excitons are close
to the electrode they have high probability to get quenched nonradiatively [98]. Tang
and VanSlyke from Kodak succeeded in improving the device bymoving away the
emission zone from the electrodes in bilayer geometry [5, 91]. Adachi et al [99]
improved the device performance even further by fabricating a 3 layer device by
separating the emission layer from the charge transport layers.
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Host-Guest system for emission layer
Efficiency can be improved by using fluorescent materials with very high photolumi-
nescence (PL) yield/efficiency. Fluorescent materials exhibit PL yield/efficiency close
to unity only in their gas or solution phase. The interactionof excitons with lattice
vibrations and the presence of impurities forms non radiative channels thereby reducing
the quantum yield in the solid state [100, 101]. This is evident from the PL quantum
yield of 20-30 % for the widely used fluorescent material Alq3 [102, 103].
The host-guest configuration of the emission layer overcomethese effects. In a host-
guest configuration, a small amount of fluorescent dye molecules are added to the
conductive host material. Laser dyes having very high PL quantum yields are often
used as dopants [91, 104]. Complete energy transfer from host to guest dopants is
possible in a host-guest configuration , via either Förster or Dexter energy transfer
mechanisms [105].
As we know from chapter 2 not all excitons decay and emit light. Only S=0 excited
states can emit light in a process known as fluorescence due tospin symmetry. The
remaining S=1 excited states dissipate energy to the lattice in non-radiative processes
as shown in Figure3.5. The ratio of singlet (S=0) to triplet (S=1) excitons is
1:3 [106, 107]. For OLEDs with fluorescent emitter, the fraction of the radiative
excitons is limited to maximum of 25%, when there is no quenching of singlet excitons.
Electrophosphorescence [108–110]
As stated above, there are 25 % singlet excitons and 75 % triplet excitons, implying
that the majority of excitons formed in the OLED are in triplet state.
In some materials the restriction of spin symmetry is relaxed and emission from
triplet state is allowed. Phosphorescent dyes with heavy metal atoms at the core show
prominent singlet-triplet mixing. As the triplet energy level lies below that of the
singlet energy level, all the singlet excitons are rapidly transferred to the triplet state in
a process known as intersystem crossing (ISC). This is evident from the experimental
finding that in a host guest system consisting of phosphorescent dye, we observe no
fluorescence from the singlet state of the host material, implying that all the excited
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Figure 3.5: Schematic illustration of energy-transfer mechanism in anemission layer doped
with a fluorescent dye. Adapted from reference [106].
states in the host are quickly converted to the triplet stateof the guest. The energy
transfer process is shown schematically in Fig.3.6. Hence the efficiency can be
improved by a factor of four for an OLED with host guest architecture of the emission
layer consisting of a phosphorescent dye dopant when compared to an OLEDs with a
fluorescent emitter.
Molecularly doped charge transport layers
Molecularly doped charge transport layers introduced betwe n an intrinsic organic
layer and an electrode interface are known to assist in efficint charge injection into
the organic layer [11]. Operating voltages in OLED devices employing doped charge
transport layers have been shown to be close to thermodynamic limit, thereby achieving
very high power conversion efficiencies [111].
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Figure 3.6: Schematic illustration of energy-transfer mechanism in anemission layer doped
with a phosphorescent dye. Adapted from reference [106].
Molecularly doped charge transport layers have high conductivity and negligible volt-
age drop across them hence an increase in the thickness of these layers does not
alter the device performance. Therefore, by introducing the doped charge transport
layers within the device we can minimize the thickness of undoped molecular layer
thickness [11]. This results in an increase in current density and the luminance at a
fixed applied voltage for the device. Molecular doping is achieved by systematically
adding either donor or acceptor molecules, which lead to an increase in the charge
carrier density and conductivity by several orders of magnitude similar to the doping
process in classical semiconductors. Various studies haveshown that the conductivity
of a molecularly doped system can be increased by orders of magnitude [9–13, 112].
For p-type doping an acceptor dopant molecule is coevaporated with the donor matrix
molecule. The LUMO level of the acceptor dopant is energetically either close to or
below the HOMO level of the matrix molecule. Due to the energetics, electron transfer
is favorable from the HOMO of the matrix to the unoccupied states in the LUMO of the
acceptor molecule. This results in negatively charged acceptor dopants and positively
charged host matrix molecules and an increased concentratio of holes in the layer
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Figure 3.7: The charge carrier density and mobility can be significantlyenhanced by intention-
ally adding impurities. A molecular donor impurity (guest)transfers electrons to the molecular
acceptor (host). Adapted from reference [93].
as well as an increased conductivity [9]. Similarly for n-type doping a dopant whose
HOMO is above the LUMO of the matrix is used, here electrons are transferred from
the dopant to the matrix [12, 13, 112]. The process of doping is schematically shown
in Figure3.7.
Generally, rectifying junction is formed between an intrinsic molecular layer and an
electrode interface which prevents efficient injection of charge carriers into the molec-
ular layer. However, with the concept of molecular doping, aSchottky like junction
is formed and the thickness of depletion layer at the metal organic interface depends
on the concentration of ionized dopants N 1/2D/A [93]. For high doping concentrations,
the depletion region becomes so thin that the charge carriers can tunnel through the
barrier as shown in the Figure3.8. Coupled with the concept of doping and the use of
phosphorescent emitters, state of the art DC-OLED devices with very high efficiency
and long life time have been demonstrated [111, 113].
Out coupling efficiency of an OLED
The OLED device consists of multiple layers and a semitransprent electrode for light
outcoupling. In a multiple layer device geometry the optical nterference effects are
dominant. Refractive index mismatch between the layers reduc s the light output
and also it influences the emission direction and the rate of emission [114]. The
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Figure 3.8: The concept of molecular doping in case of molecular semiconductors: Band
bending at the metal and doped organic interface assists in tun eling of charge carriers with
reduced energy barrier in comparison to the energy barrier btween the metal and the intrinsic
organic material which is undoped. Adapted from reference [93, 97].
outcoupling efficiency strongly depends on the refractive index n and the direction
of the dipole moment of the emitting molecules [115]. The outc pling efficiency
is Outoupling  0.75/n2 for isotropic dipoles of the emitter andOutoupling  1.2/n2
for in plane dipoles, where n is the refractive index of the emitter layer [115].
Outcoupling efficiency is the major loss channel in OLEDs. Although internal effi-
ciencies of the emitter molecules have reached close to 100%, most of the radiation
is trapped within the device due to the internal reflection, absorption and plasmonic
losses [116–118]. Several approaches have been suggested to improve the outcoupling
efficiency [111, 119–123] but this still remains the major loss channel in the OLED
devices.
Chapter 4
AC-Electroluminescence
This chapter gives an overview about inorganic alternatingcurrent thin
film electroluminescence (AC-TFEL) devices. Their workingprinciple and
their current status is discussed. The metal oxide materials which form
a vital part of AC devices and their physical properties are also briefly
elucidated.
4.1 Alternating current thin film
electroluminescence (AC-TFEL)
Inorganic alternating current thin film electroluminescen(AC-TFEL) display devices
are well established [124–126]. AC-TFEL devices consist ofa polycrystalline phosphor
layer doped with luminescent impurity enclosed between a pair of insulating layers as
shown in Figure4.1[124, 125].
49
50 4 AC-Electroluminescence 4.1
Glass Substrate
Phosphor
Insulator
AC
Insulator
Transparent Anode
Cathode
Figure 4.1: Cross sectional view of AC-TFEL device structure. Adapted from reference [124–
126].
4.1.1 Transparent metal oxide films as dielectric insulatin g
layers
The insulating layers are vital components of AC-EL devices. They prevent charge
carrier injection into the device and also act as protectionlayers for the air sensitive
molecular semiconductors by preventing their exposure against mbient conditions.
The choice of an insulator for AC-EL device depends on its physical properties. The
insulating layer should possess large band gap so that it is tran parent and it should
also be able to withstand high electric fields during the device operation [124–126].
We need to choose an insulating material which possesses higher dielectric constant so
that the insulating layer capacitance is larger than the organic layer capacitance. This
results in a larger voltage drop across the organic layers and therefore a large electric
field in the organic layers, which results in better performance of the device.
Sputter deposition: Metal oxide insulating dielectric film s
Metal oxides have very high melting points hence thermal evapor tion is not feasible
for these materials. Sputter deposition which is one of manymethods employed for
thin film deposition is often preferred.
Sputtering is a process in which an energetic particle hits te solid surface of interest
and the energetic impact between the particle and the solid surface results in momentum
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transfer from the incident energetic particle to the solid surface. During this impact if
the energy transfer between the particle and the solid surface is of the order of the
surface binding energy then the surface atom gets ejected [127, 128]. Typically ions
are used as the energetic particles. The sputtering processis shown schematically in
Figure4.2.
Sputtering deposition of thin films offers following advantges in comparison to other
Figure 4.2: Schematic illustration of the sputtering process, where anincident ion hits the solid
surface resulting in ejection of surface atom [127].
evaporation techniques [127, 128]:
• Uniform thickness of the evaporated layers over large areas
• Good adhesion of the sputter deposited film to either the underlying film or the
substrate
• Evaporated film can be easily reproduced keeping its stoichimetry similar
Sputtering Mechanism
In the sputtering process, energetic ions collide with the target material and the ejected
target atoms get deposited onto the substrate. The ions required for the sputtering
process are continuously fed by the plasma. Plasma is generat d by the passage of
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conduction current through an argon gas, by applying several hundreds to KV DC
potential between the electrodes. The electrodes are directly attached to the target and
the substrate to be deposited and are separated by an inert gas which acts as dielectric
medium. In order to ensure that there is no chemical reactionbetween the incident
particle and the solid surface of interest, an inert or noblegas is typically used for the
sputtering process [127]. Argon is most preferred amongst the inert gas family as it is
generally available in its purest form [127, 128].
In the presence of high electric field between the electrodesan electron is accelerated.
The accelerated electron collides with an argon atom resulting in an argon ion. The
creation of an argon ions is an avalanche process as the positive ions generated during
the process will collide with the cathode, resulting in the generation of secondary
electrons [127–129]. These secondary electrons further trigge the ionization of gas
molecules and generate a self sustained discharge or plasma. When the discharge
current is low, the secondary electrons are insufficient in number to cause enough
ionization to produce a self sustained plasma. The plasma usu lly appears beyond a
certain discharge current. The argon ions generated in the plasma are attracted towards
the cathode while the electrons are repelled due to the applied field configuration. The
target material will be sputtered if the energy of the incident ions is of the order of the
binding energy of the target atoms.
Sputtering is usually caused by the collision cascade that occurs in the surface layers
of the solid and the process can be explained by making use of momentum transfer
theory [127, 128]. When the kinetic energy of incident particle is transferred to the
surface atoms of the target through elastic collisions thensurface atoms of the target
are released. The type of collision between an incident energ tic particle and the target
is dependent on the incident ion energy and the degree of electron screening [129].
The interaction energy between two atoms can be written as [127], z1z2q2r exp  ra (4.1)
wherer is the distance between incident ions and the target surfaceatoms, z1q and
z2q being the charge of the nucleus for the incident ions and targe atoms, and a is the
electron screening radius. The magnitude of the electron screening (equation4.1) and
the interaction energy determine the type of collision between the incident ions and the
target atoms. The head on collision between incident ion andthe target atom can be
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expressed as [127], z1z2e2b = M1M2v212 M1 +M2 (4.2)
where M1 and M2 are the mass of incident ion and the target atom, v1 being the velocity
of incident ions and b is the closest distance between the twoparticles. Combining
equations4.1and4.2[127], ba = z1z4/32 2RhE (4.3)
where Rh is the Rydberg energy and E is the incident ion energy.
The kind of collision is governed by the ratio b/a. At high energi s (b/a>>1) the
incident ions are scattered by the target atoms. At low energies (b/a<<1) the incident
ions are screened by the electron clouds of the target atoms,while for moderate energies
the collision cascade in the surface layers causes the sputtering phenomenon in the
target material. According to elastic collision theory, the maximum possible energy
transfer Tm at moderate incident energies is given by [127],Tm = 4M1M2 M1 +M22E . (4.4)
where M1 is the ion mass and E is the ion energy and M2 is the mass of the target atom.
The sputter yield S (which is the removal rate of surface atoms due to ion bombardment)
is given by [127], S = k 1 (E) os  M1M2(M1 +M2)2E (4.5)
where k is a constant which includes target material constants,  is the angle between
the target surface normal and the incident ions, and is the mean free path for elastic
collisions near the target surface [127, 129, 130].
4.1.2 Inorganic phosphor layer
In inorganic AC-TFEL devices, the phosphor layer consists of a phosphor host doped
with luminescent impurities [124–126]. The band gap of phosphor material should
be large so that there is no re-absorption of the visible light emitted from luminescent
centers. Typically the band gap for the phosphor materials is 3 to 4.5 eV [124–126].
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Common phosphor materials with their band gap and dielectric onstant is listed in
Table4.1 [126]. If the band gap is too small, most of the emitted light will be trapped
within the phosphor layer. Several deposition techniques like RF sputtering, thermal
evaporation, electron beam evaporation are employed for depositing the phosphor layer.
The luminescent impurities that are doped into the phosphorhost are the ions responsi-
ble for the light emission. The emission colour correspondsto the emission wavelength
of the luminescent impurity. Some of the luminescent impurity materials used in AC-
TFEL devices is listed in Table4.2[126].
Table 4.1:Properties of phosphor host materials used in ACTFEL devices [126].
Host Bandgap Dielectric constant
Material (eV)
ZnS 3.6 8.3
MgS 5.4 11
SrS 4.3 9.4
CaS 4.4 9.3
Table 4.2:Luminescent impurity materials used in AC-TFEL devices [126].
Luminescent Host+Impurity Emission
Impurity Combination Colour
Mn2+ ZnS:Mn Green-red
Ce3+ SrS:Ce Blue-green
Eu2+ CaS:Eu Orange-red
4.2 Working principle of AC-TFEL device
As the device structure shown in Figure4.1 indicates, AC-TFEL devices are ca-
pacitively coupled and only displacement currents flow across the insulator layers.
Therefore the device responds only to alternating current waveforms.
AC-electroluminescence (EL) is observed when an AC field applied to the device
transforms the applied energy into light [131, 132]. The AC-TFEL device operation
involves the following processes [124–126, 133]: When an externally applied AC field
across the device is increased, the electric field inside thephosphor layer increases and
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when it is high enough, the electrons in the surface states ofthe phosphor-insulator
interface are injected into the conduction band of the phospr layer. The injected
electrons gain energy due to the presence of the field in the phosphor layer. A
fraction of the electrons collide with the luminescent impurities and transfer part of
their kinetic energy to them. This energy is absorbed by the luminescent centers, the
excited impurities relax back to the ground state either radiatively by emitting photon
or non radiatively by transferring energy to the phosphor layer in the form of phonon’s.
Another fraction of electrons, not taking part in the above process, reach the phosphor
insulator interface on the anode side and are trapped in the in erface states as shown
in the energy band diagram of the AC-TFEL device Figure4.3. When the AC cycle is
reversed, the whole process repeats in opposite direction.This transfer of charge back
and forth between the interface states continues as long as the AC voltage is applied to
the device.
The light emission in AC-TFEL devices is thus from transitions of the electrons within
the phosphor, not from electron-hole recombination. The process of charge carrier
generation is not completely understood in these devices [124, 25, 133].
AC-TFEL devices are already available on the market and havea significant share of
the large area, high resolution, flat panel display segment.Although AC-TFEL devices
are robust due to the use of inorganic materials and simple infabrication, challenges
still remain. The fabrication consists of different depositi n steps and some phosphors
even require additional annealing. The complex processingprocedure involving an-
nealing at different temperatures and narrow spectral distribution of inorganic dyes
makes it difficult to obtain white light with a balanced red, green, and blue (RGB)
contribution [134, 135]. The luminance levels achieved forACTFEL devices are also
low (typically 100-500 cd m 2) due to the low PL quantum yields (15-20%) of the
phosphor layers [136]. The power conversion efficiencies ofACTFEL devices is also
low (< 1 lm W 1) as the operating voltages required for device operation are very high
[133]. These limitations have forced researchers to look for alternative ways of AC-EL
device fabrication for improving the device performance.
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Figure 4.3: Illustration of AC-TFEL device operation with energy band diagram. Electrons
are tunnel emitted from insulator/phosphor interface states into the conduction band, and they
gain energy due to the applied field and a fraction of them impact excite the emission centers,
while the other fraction reaches the opposite interface andre trapped at the interface states.
Adapted from reference [124–126].
4.3 Hybrid thin film AC-EL: Recent efforts
Hybrid organic-inorganic alternating current electroluminescence (AC-EL) devices
were fabricated by sandwiching the organic molecule Alq3 (tris(8-hydroxy-
quinolinato)aluminum) between silicon dioxide (SiO2) layers as shown in Fig-
ure 4.4 [137]. Blue emission, instead of the normal green Alq3 molecule emission
as shown in Figure4.5 was observed, when the device was driven with AC. Hot
electron impact, i.e., band to band excitation or solid state c thodoluminescence (CL)
like emission was proposed as origin for blue emission [137].
The SiO2 insulating layer was deposited via electron-beam evaporation. During the
deposition of SiO2, the substrate temperature was maintained at 150ÆC. The elevated
temperature especially during the deposition of top insulator may reorganize the
Alq3 molecules to different crystalline phase, which could be threason for blue
emission [138]. Recently, AC-EL devices were demonstratedwith organic emission
layer and organic insulating layers [139, 140]. Nano particles were employed as
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Figure 4.4: The structure of the AC-EL device (a) ITO/SiO2/Alq3/SiO2/Al and a conventional
DC device (b) ITO/Alq3/Al is shown for comparison [137].
Figure 4.5: AC-EL spectra of the device (a) ITO/SiO2/Alq3/SiO2/Al, DC-EL spectra of device
(b) ITO/Alq3/Al and PL spectra of the stack of layers (c) ITO/SiO2/Alq3/SiO2 [137].
symmetrical bipolar charge generating centers in these devices shown in Figure4.6.
The device operation principle is shown in Figure4.7. The nanoparticles are claimed
to generate both charge carriers (electron and hole) withinthe device without the need
for injecting the charge carriers from external electrodes. The mechanism with which
the nanoparticles generate the electrons and holes is not known. The processing of ITO
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nano particle layers with ethanol dispersion formed by spincoating is also tedious as
the nanoparticles tend to cluster. A maximum luminance of 261 cd m 2 was obtained
at an AC bias of 240 V and 300 kHz. The threshold voltage for light emission was
approximatey 70-80 V for this device. There is no mention of power efficiency of the
device and the luminance levels achieved are also lower in comparison to AC-TFEL
devices.
Glass Substrate
EML
80nm
400nm
600nm
400nm
Nano particle layer30-50nm
ITO
Insulating layer
EML600nm
Insulating layer
Figure 4.6: Device structures of double-insulating organic devices with charge generation
nanoparticle layer [139, 140].
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(a) (b) (c) (d)
NPL NPL NPL NPL
V>0 V~+Vmax
V<0 V~-Vmax
Figure 4.7: Schematic representation of elementary processes in double insulated EL devices.
Positive bias is on the bottom electrode (a), during a positive half cycle (b), switches to negative
bias (c), and during a negative half cycle (d) [139, 140].

Chapter 5
Organic AC-EL device structure,
fabrication and characterization
This chapter details all the experimental techniques employed for this
work, from device preparation to a unique custom built set upfor char-
acterization of AC-EL devices. The device optimization is done with the
help of an optical simulation tool called SIMOLED.
5.1 Device structure, functional layers and
material choice
An organic AC-EL device basically consists of an insulator-molecular semiconductor-
insulator thin film stack enclosed between a transparent andan opaque electrodes. The
device structure and its layout is shown in Figure5.1(a). The devices are prepared
on a glass substrate with a pre-coated and structured ITO electrod which serves as
bottom electrode and an aluminum film serving as an opaque topelectrode. The
emitted light is viewed through the substrate for bottom emitting configuration as
shown in Figure5.1(b). In this thesis only bottom emitting organic AC-EL devices
are investigated.
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Figure 5.1: (A) shows layout of the prestructured ITO on glass substrateand various shadow
masks used during deposition while (B) shows the cross section of the device and device
structure.
5.1.1 Insulators
The most critical and vital component of the organic AC-EL devic is the metal oxide
insulating dielectric layers. They prevent charge injection and the resistive current
flow through the device and protect the molecular layers. Insulating layers also act
as protective layers for air sensitive molecular materialsand prevent their exposure to
moisture or oxygen. The insulator layer must also be able to withstand the high fields
the AC-EL device is subjected to during its device operation.
Metal oxides as dielectric insulating films
Metal oxides are an attractive class of materials and are used a insulating dielectric
materials in this work. Oxide conductivity can be tuned while evaporating the metal
oxide film by altering the growth conditions [141]. It has been shown that the conduc-
tivity of metal oxide films can be tuned from insulating to semiconductor and even to
that of metallic conductors [142]. Metallic oxides like titanium monoxide (TiO) and
tungsten dioxide (WO2) films exhibits metallic properties, while silicon dioxide(SiO2)
or hafnium dioxide (HfO2) films have insulating properties [142]. Some metal oxides
like ZnO [141], NiO [143], and the multicomponent metal oxides like indium gallium
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oxide (IGO), Zinc indium oxide (ZIO) films have semiconducting properties [144].
The choice of metal oxide for this work is mainly dependent onthe band gap and
high transparency. For light emitting device applicationstransparency is optimized
for the human eye, which is sensitive in the “visible region”f the EM spectrum for
wavelengths ranging from 380 nm (3.26 eV) to 750 nm (1.65 eV).The energy band gap
plotted as a function of dielectric constant for few common metal oxides is shown in
Figure5.2[145]. Physical properties of few metal oxides is listed in Table5.1[145].
Figure 5.2: Energy band gap verses the dielectric constant for few common etal oxides [145].
Table 5.1:Properties of metal oxide insulating materials.
Material Eg (eV)  EBD (MV cm 1)
SiO2 8 4 6
Al 2O3 9.5 8 5-8
HfO2 5.5 16 1-4
TiO2 3.5 60 0.2
For achieving higher luminance values and lower turn on voltages from AC-EL devices,
the insulating layer capacitance should be higher than thatof the organic layer capaci-
tance. AC-EL devices with higher insulating layer capacitance result in higher voltage
drops across the organic layers in comparison to the voltagedrop across the insulating
layers, hence higher luminance from the device and better device performance. Metal
oxides offer flexibility in terms of their choice for insulating layers with large band gap
or higher dielectric constant.
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Metal oxides, namely SiO2 and HfO2, are chosen in this work due to their contrasting
dielectric properties. SiO2 has high band gap of 9 eV and a low dielectric constant=4, while HfO2 possesses a low band gap of 5.8 eV and high dielectric constant =25.
The density of these two materials is also contrasting as SiO2 has lower density of
2.65 gm 3 while HfO2 has higher density 9.68 gm 3. Both metal oxides have very
high melting points, SiO2 has melting point of 1600-1700ÆC while HfO2 has melting
point of 2750Æ C and are thermally as well as chemically very stable. All sputter targets
have been purchased from MaTecK GmbH and exhibit a purity of 99.99%.
Emission layer
The emission layer consisting of only fluorescent emitters ha typically low PL
quantum yields of 20-30% [102, 103]. We employ a host-guest configuration of the
emission layer, where small amount of fluorescent or phosphorescent dye molecules are
dilutely dispersed in a conductive host material [91, 104] as in case of conventional DC
devices. The host-guest configuration of the emission layerlso offers an advantage
as it satisfies other requirements for device application such as electron transport,
HOMO-LUMO matching.
The emission layer in this work consists of either Alq3 (tris(8-hydroxy-
quinolinato)aluminum) as a host and DCM (4-dicyanomethylene-2-methyl-6-p-
dimethylaminostyryl-4H-pyran) as fluorescent orange red dye opant (doping con-
centration of 2 wt%),-NPD (N,N’-di(naphthalen-2-yl)-N,N’-diphenylbenzidine) as a
host and Ir(MDQ)2(acac) (Iridium(III)bis(2-methyldibenzo-[f,h] quinoxaline)(acetyl-
acetonate)) as orange phosphorescent dye dopant (doping concentration of 10 wt%).
TCTA (4,4’,4”-tris(N-carbazolyl)-triphenylamine) as a host and (Ir(ppy)3) tris(2-
phenylpyridine) iridium as a green emitter.
The chemical structures of few phosphors and their molecular structures of few guest
dye molecules are shown in Figure5.3. The HOMO, LUMO and triplet energies of
these materials is listed in Table5.2[82].
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Table 5.2:HOMO and LUMO values of the fluorescent and phosphorescent emitters along with
their triplet energy level [82]. The triplet level corresponds to the energy of emission peak.
DCM: 4- dicyanomethylene-2-methyl-6- p-dimethylaminostyryl-4H-pyran ; IrMDQ2acac:
bis(2-methyldibenzo-[f,h]quinoxaline)(acetylacetonate) iridium(III); Irppy3: fac-tris(2-phenyl-
pyridine) iridium(III); FIrpic: Bis(4,6-difluorophenylpyridinato-N,C2)picolinato iridium(III).
Material HOMO [eV] LUMO [eV] Triplet energy level [eV]
DCM -5.56 -3.43 x
Ir(MDQ)2acac -5.35 -2.75 -2.03
Ir(ppy)3 -5.4 -2.4 -2.44
FIrpic -5.8 -2.9 -2.61
Figure 5.3: Molecular structures of few fluorescent and phosphorescentmaterials used as
dopants in host-guest architecture of the emission layer. (a) Alq3 (b) DCM (c) 4P-NPD (d)
Ir(MDQ)2acac (e) Ir(ppy)3 (f) FIrpic.
Charge and exciton separation layers
The charge and exciton separation layers are used to confine charge carriers to the
the emission layer as well as to separate the excitons from the doped charge transport
layers, which have high charge carrier densities thereby avoiding the charge-exciton
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quenching mechanisms and improving the performance of the device. This can be
achieved by introducing energy barriers between the emission layer and the charge
separation layer. Also the singlet and triplet energy levels of the charge separation and
exciton blocking molecule should be energetically higher in comparison to the energy
levels of the emitter molecules. Otherwise the excitons formed on the emitter molecule
will be transferred to energetically lower lying charge andexciton separation molecule,
which limits the device performance.
BPhen and NPB molecules are used for charge separation and exciton blocking in
this work. Both molecules have high triplet levels of 2.5 eV and 2.29 eV effectively
confining the excitons and also both molecules introduce energy barriers to holes and
electrons respectively. The molecular structures of typically used charge separation
layer is shown in Figure5.4. The HOMO, LUMO and triplet energies of these materials
is listed in Table5.3[146].
Table 5.3: HOMO, LUMO, singlet and triplet energies for few charge and exci-
ton separation layers [146]. -NPD: N,N’-di(naphthalen-1-yl)-N,N’-diphenyl-benzidine;
TCTA: 4,4’,4”-tris(N-carbazolyl)-triphenylamine; Alq3: aluminium tris(8-hydroxyquinoline);
BPhen: 4,7-diphenyl-1,10-phenanthroline; TPBi: 2,2’2"-(1,3,5-benzenetriyl)-tris[1-phenyl-
1H-benzimidazole].
Material HOMO [eV] LUMO [eV] Triplet energy level [eV]-NPD -5.4 -2.4 2.29
TCTA -5.9 -2.7 2.82
Alq3 -5.8 -3.1 2.0
BPhen -6.4 -2.9 2.5
TPBi -6.3 -2.8 2.6
5.1.2 Molecularly doped layers
The AC-EL devices in this work consist of molecularly doped charge transport layers
for efficient charge transport as well as for generation of charge carriers within the
device. P-type doping is achieved by co-evaporation of a donor matrix molecule with
an acceptor dopant molecule. Similarly for n-type doping anacceptor matrix molecule
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Figure 5.4: Molecular structures of few materials used for charge and exciton separation
layers. (a)-NPD (b) TCTA (c) TPBi (d) BPhen.
is co-evaporated with a donor dopant molecule. MeO-TPD (N,N, ’, ’-tetrakis(4-me-
thoxyphenyl)-benzidine) doped with F4TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane) acts as hole generating p-doped transportlayer while BPhen (4,7-
diphenyl-1,10-phenanthroline) doped with Cesium (Cs) acts s electron generating n-
doped transport layer in this work. In order to avoid reabsorpti n, matrix molecules are
chosen to have a higher band gap. The molecular structures are shown in Figure5.5
and the corresponding The HOMO, LUMO energies for these materials is listed in
Table5.4[146, 147].
Table 5.4:HOMO, LUMO energy values for charge transport and dopant materi ls [146, 147].
MeO-TPD: N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine; BPhen: 4,7-diphenyl-1,10-phe-
nanthroline; F4-TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane.
Material HOMO [eV] LUMO [eV]
MeO-TPD -5.1 -1.9
F4-TCNQ -8.34 -5.24
BPhen -6.38 -2.34
Cs - -
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Figure 5.5: P type doping is achieved by co-evaporation of MeO-TPD with F4-TCNQ dopant,
typically with a doping concentration of 4 wt%. For N type doping cesium is doped in BPhen
typically in 1:1 ratio.
5.1.3 Electrodes
Two types of electrodes are employed for AC-EL devices, an opaque and a transparent
electrode. The opaque electrode has high reflectivity whilet e transparent electrode
has high transparency. The light generated within the device is coupled out through
the transparent electrode. The surface roughness also plays an important role during
the selection of the electrodes, high roughness usually leads to short channels in the
device.
A transparent conducting film serves as semi transparent electrode for AC-EL device.
It should possess high conductivity as well as high transmittance in the visible region
of the EM spectrum. An ITO (indium-tin-oxide) film of 90 nm thickness having a sheet
resistance of approximately 25
 square 1 and electrical conductivity of approximately
5000 S cm 1 serves as transparent electrode. ITO is an alloy consistingof 90 wt%
In2O3 and 10 wt% SnO2 and is highly transparent in the visible spectrum as is obvious
from Figure5.6.
The opaque electrode for AC-EL devices in this work is aluminum (Al) with a typical
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thickness of100 nm and a high reflectance as shown in Figure5.6. As there is no
charge injection in to the AC-EL devices, there is no need to consider the work function
of the electrodes thereby offering several possibilities for the choice of the electrodes.
Figure 5.6: Transmittance and reflectance as a function of wavelength ine visible region of
the EM spectrum for ITO and Al electrodes deposited on glass sub trate.
Table 5.5:The work function and conductivity values of ITO (indium-tin-oxide) and Aluminum
(Al) electrodes.
Material  [eV]  [S cm 1]
ITO -4.7 5000
Al -4.3 104
5.2 Device Fabrication
The devices are prepared on a glass substrate (Corning Inc.: Eagle XG nd=1.51) which
is having a structured (see Figure5.1(a)) ITO electrode with 90 nm thickness. The
substrates were bought fromThin Film Devices Inc.and are subsequently cleaned in
an ultrasonic bath with acetone followed by ethanol and iso-propanol.
The processing of the device is performed in a cluster tool from BESTEC GmbH.
under ultra high-vacuum (UHV) conditions, the cluster toolis connected to a glove
box which is maintained under nitrogen atmosphere. The basepressure of the cluster
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tool is 10 8 mbar. Organic layers are deposited by vapor deposition through shadow
masks via resistive heating of ceramic crucibles under UHV conditions as shown in
Figure5.7. The evaporation rate of organic molecules is regulated by aproportional
integral derivative (PID) controller in a feedback loop by monitoring the current and
temperature of the crucible.
The insulating layers are coated via planar radio frequency(RF) magnetron sputtering
Figure 5.7: Cross sectional view of the organic deposition unit. Adapted from reference [19].
using a sputter target of 5 cm in diameter, obtained fromMaTecK GmbH. During the
sputter deposition an argon pressure of 2x10 8 mbar is maintained in the sputtering
chamber. The RF power supply with impedance matching network is used at 150 W.
Typical deposition rates are 1-2Å s 1.
The top Al contacts are deposited by thermal evaporation. The devices are encapsulated
with an additional glass and epoxy resin in a nitrogen atmosphere for further character-
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ization without breaking the vacuum.
Doping is achieved by co-evaporation of the host and the dopant molecule while the
evaporation rates are being monitored independently by twodifferent quartz crystal
micro balances (QCM) as shown in Figure5.7. The thickness of the layers is also
monitored via QCM. The calibrated QCMs allow to precisely contr l the thicknesses
and doping ratios. In case of multiple evaporation of materils, the depositions of all
materials are measured independently by quartz crystal monitors. The deposition of the
Cs doped BPhen layer is an exception, since the Cs rate cannotbe measured by crystal
quartz monitors. The device area is 6.7 mm2.
5.2.1 Sputtering of transparent metal oxide insulating
dielectric films
Thermal evaporation is not suitable for metal oxides as veryhigh currents are required
for their evaporation. The evaporation boat used for thermal ev poration does not
withstand high currents and usually results in cross contami tion by the boat at
very high currents and temperatures. Although the E-beam evaporation technique
overcomes this difficulty, oxides usually are compounds andcomplex alloys. The
constituents of the oxide have different vapor pressures, resulting in poor composition
and stoichiometry of the evaporated films [127–129]. To overcome these difficulties
and have better morphology, composition, and stoichiometry, often sputter deposition is
preferred for metal oxide film formation. Several variants of the sputtering systems are
used for thin film deposition. Direct current (DC), Radio frequ ncy (RF), Magnetron,
and ion beam sputtering are some of them [127–129].
DC sputtering is the simplest of these varients. DC sputtering [127, 128] consists of a
pair of planar electrodes. The target material to be deposited acts as cathode and the
substrate to be deposited acts as an anode. The sputtering chamber is initially filled
with the argon gas to a chamber pressure of 10 3 mbar. Then a DC voltage is applied
between anode and cathode. An electric glow discharge or plasma is formed by the
passage of current through the dielectric argon gas by applying DC potential of several
hundreds to kV between the electrodes. The electric field across the electrodes causes
the electrons to gain energy, and they are accelerated and these accelerated electrons
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collide with neutral argon atoms and cause ionization of argon atoms.
In the planar DC sputtering method, the substrate to be deposit d i placed directly
on the anode which is facing the sputter target so that maximum sputtered material is
deposited on to the substrate.
The DC Sputtering method does not work for insulating materils as there is surface
charge buildup which takes place due to positive ions that are accumulated on the
insulating target material. The surface charge present on the target will screen the
applied field between the electrodes which reduces the ionization probability due to the
reduced acceleration of the electrons. For deposition of insulating metal oxide films, an
alternating current (AC) field is applied between the electrodes instead of DC. Due to
the AC field, the target is incident alternatively with the positive ions in one cycle and
with the negative electrons in the other cycle. By doing so the surface charge build up
can be reduced significantly [128]. This process is called RFsputtering.
For the deposition of thin films with the RF sputtering, an AC field between the
electrodes is reversed at radio-frequencies i.e., at 13.65MHz. As the electron mobility
is several orders of magnitude higher than the ion mobility,the target will self-bias itself
negatively with respect to the plasma in RF sputtering. There is large difference in mass
between the electrons and ions. Under the presence of external fi ld, the electrons attain
higher velocity and also travel larger distances than the heavier ions. Electrons form
sheath layer on the substrate, chamber walls as well as on thetarget inducing negative
potential, while the plasma is at the positive potential. Hence the positive ions are
accelerated towards the negatively charged surface leading to sputtering of the surface.
The choice of the 13.56 MHz frequency is also very important for RF Sputtering. If
the polarity of switching is slow, then not many ions will reach the cathode and if the
switching frequency is very fast, then the negative-self bias will become very high and
the sputtering rate will be very high [148].
The sputtering rate depends on the ion flux hitting the targetwhich depends on the
density of ions present in the plasma. For achieving reasonable deposition rates, a
magnetron is coupled to the sputtering unit. The magnetron coupled RF sputtering is
known as RF magnetron sputtering. In RF magnetron sputtering, a magnetic field is
superimposed on the cathode and the plasma. The magnetic field will assist in trapping
of the electrons close to the target. Inside the plasma, the electrons have a velocity
v and follow a helical path under the influence of the magneticfield B (due to the
Lorenz force). The magnetic field is oriented in such a fashion that the orbital motion
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of the electron is in the direction of EB with drift velocity given by E/B, where E
is the electric field. The electron confinement close to the target surface increases the
collision cross section between the electrons and the argonions [128].
We deposit the insulating dielectric metal oxide layers in this work with planar radio-
frequency (RF) magnetron sputtering shown in Figure5.8. Due to the differing
impedance values of RF power supply (50
) and the glow discharge1-10 k
 [128],
RF magnetron unit requires impedance matching unit for effectiv coupling of the
applied RF power to the target. The impedance matching unit lies between the RF
power supply and the magnetron unit.
The RF magnetron unit in this work is custom built and has a single sputtering source
which can be under variable pressure environment. Pure Ar orAr mixed with O2
source gases are available for sputtering. The system is conne ted to central handler
maintained under UHV conditions. The central handler is driven with a motor to move
the substrate between different deposition systems. RF magnetron sputtering offers
specific advantages like the conductivity of the thin film canbe varied during deposition
by changing the O2 partial pressure or by extrinsically doping the material during the
film deposition. Morphology of the film can also be controlledby varying the pressure
or the RF power during the growth which changes the rate of growth which influences
the uniformity of the deposited film as shown in Figure5.9.
5.3 Device Characterization
In this section, the electro-optical characterization techniques for AC-EL devices are
presented.
5.3.1 Electrical Characterization
For the AC-EL device characterization, AC sinusoidal voltages are applied from an
arbitrary function generator (Agilent-33210A) connected to a bipolar linear power am-
plifier (Apex Microtechnology). The measurement system is completely automated and
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Figure 5.8: RF-magnetron sputtering unit-cross sectional view
records the current (I), voltage (V), and luminance (L) curves. The electroluminescence
(EL) spectra are recorded using USB2000 mini spectrometer (OceanOptics, Dunedin).
The luminance is recorded with a luminance meter (KonicaMinolta, CS-100A). The
custom built AC-EL device characterization set up is shown in F gure 5.10. All
measurements are performed at room temperature.
Device performance and evaluation
The most important quantities for evaluation of the AC-EL devic performance are
luminance, power efficiency, and lifetime. The luminance isrecorded as a function of
either the AC bias applied to the device (at a fixed frequency)(L-V) or as a function
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Figure 5.9: RF-magnetron sputtering under variable pressure environme t. Adapted from
www.ajaint.com.
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Figure 5.10:Custom built completely automated AC-EL device characterization setup.
of the frequency of the applied AC bias (keeping the applied AC bias constant) (L-f).
A more important quantity for device evaluation than the luminance of the device is its
power efficiency, defined as the ratio of photometric power emitt d by the device to the
electrical input power. The input power to the device is calcul ted by measuring the
voltage drop across the device and a series resistor (100
). The phase angle between
current and voltage signals is measured using a single phaseprecision power meter
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(LMG-95 ZES Zimmer GmbH). The luminous efficiency of the device in lumen’s per
watt (lm W 1) is,  = LP (5.1)
where L is measured luminance in cd m 2 from the device and P is the applied power
density in W m 2. The above expression is deduced under Lambertian assumption, i.e.,
the luminance is constant in all directions and integratingover all viewable angles. The
input power density is calculated fromP(Wm 2) = 1AT Z T0 VRMS(t)IRMS(t)dt (5.2)P(Wm 2) = 1AVRMS(t)IRMS(t)os' (5.3)
where A is the device area, T is the period, VRMS(t) and IRMS(t) are the RMS values
of the applied voltage and current waveforms, and' is the phase angle (in degrees)
between sinusoidal voltage and current.
Lifetime is defined as the time interval where in the set initial luminance drops to 50%
of the initial value, when the device constantly operates with fixed AC voltage and
current values. A fast photodiode is placed close to the sample which monitors the set
luminance. The signal from the photodiode is fed to a trans impedance amplifier, which
converts the photo-current into a voltage signal.
Transient luminance characterization
Transient luminance (L(t)) characterization gives more information about the operation
of an AC-EL device. In this measurement the time dependent luminance is recorded
via a fast photo diode (Thorlabs).
5.3.2 Optical Characterization
Photoluminescence spectra are recorded with a Fluoromax spectrometer fromSPEX®
and a FS 920 spectrometer fromEdinburgh Instruments Ltd.. The latter is more
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sensitive in the deep red region of the EM spectrum. PL spectra are usually recorded
by evaporating thin organic films on glass substrates. To avoid aggregation effects, the
PL spectra of emitter molecules are either measured in mixedlayers or in solutions.
The n&k values of metal oxides are determined via ellipsometry. These measurements
are performed at theFraunhofer IPMS, Dresden, Germany1. The n and k values for
organic materials are determined by the transmission and reflection measurements. The
R and T data are then fed to an iterative algorithm based on Fresnel quations to fit the
R and T data as close as possible and extract n&k values. The R and T re measured
close to normal angle of incidence where the Fresnel equations d not depend on the
polarization of the incident light [149]. Reflectivity measurements are performed at
5 Æ which is close to normal incidence and is limited by the spectrometer (SHIMADZU
UV-3101PC).
Ellipsometry [150, 151]
Ellipsometry is an optical technique to determine the dielectric properties of thin
films. It measures the changes in polarization of the incident light upon reflection
or transmission. The polarization changes depend on the thin film properties like
thickness, complex refractive index or dielectric constant. The complex index of
refractionN = n + ik and the complex dielectric function = 1 + i2 are related
to each other, 1 = n2   k2 (5.4)2 = 2nk (5.5)
wheren is the index of refraction andk is the extinction coefficient (absorption).
In ellipsometry a linearly polarized light is incident on the sample and the reflected
light is detected and analized in a geometry shown in Figure5.11. The polarization of
the incident beam can be split intos and ap components. If the polarization of light is
perpendicular to the plane of incidence then it is called ass-polarized light and if the
polarization of light is parallel to the incident plane thenit is calledp-polarized light.
1Ellipsometry measurements performed by Frau Giersch and Herr Schöneich at the Fraunhofer IPMS,
Dresden, Germany
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Figure 5.11:Typical ellipsometry configuration, where linearly polarized light is reflected from
the sample surface and the polarization change is measured to determine the sample response.
Ellipsometry basically measures the changes in the amplitude and phase of polarization
denoted as	 and between the incident and reflected light,	 = tan 1( jrpjjrsj ) (5.6) = Æp   Æs (5.7)
wherer andÆ are the amplitude ratio and the phase shift between the electric vector of
the reflected waves and incident waves. The subscriptss andp refer tos andp-polarized
light.
The change in polarization is then given by the complex reflectance ratio denoted as
(complex quantity),  = rprs = tan(	)exp(i) (5.8)
where tan(	) is the amplitude ratio upon reflection and is the phase difference. The
measured	 and values are calculated using the Fresnel equations. The calculated	 and values which match the experimental data best provide the optical constants
as a function of the photon energy, thickness parameters arealso derived from these
measurements.
The substrate for ellipsometry consists of 100 nm SiO2 and 100 nm HfO2 film sputtered
on a glass substrate. As the optical constants of glass substrate and silicon oxide layer
are identical, for extracting the optical constants of SiO2 film an additional 50 nm thick
TiO2 film as an inter layer is necessary between the glass substrate and the SiO2 layer.
The TiO2 inter layer introduces a refractive index step between the glass substrate and
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SiO2 film, hence assists in the extraction the optical constants for puttered SiO2 film.
Characterization of the angular emission of the device
Angle dependent AC-EL spectra are measured with a custom built spectrogoniometer
consisting of a rotating sample holder. The AC spectral emission is then coupled to a
calibrated mini spectrometer USB4000 (Ocean Optics, Inc.) via an optical fibre.
Optical thin film model-performance optimization
For optimizing the device performance an optical optimization of the device is per-
formed using an optical modelling software SIM-OLED (sim4tec GmbH) [152]. The
optical model employed for optimization treats the radiative molecules as point dipoles
which are approximated as damped harmonic oscillators within the classical limit, the
model does not take into account quantum physical effects. SIM-OLED is based on
a model as published by Benisty et al. [153]. Transfer matrixformalism is used to
calculate the electro magnetic (EM) field profiles of the planar device. The numerical
model calculates the emission of the device within a given solid angle
, in a direction
forming an angle between the surface normal to the device and the line of sight.
The luminous flux/power per unit area of the device is calculated by integrating the
luminous intensity per unit area I() with respect to the given solid angle in the forward
hemisphere, LF = Z
 I()d
 (5.9)LF = 2 Z 20 I() · sin() ·d (5.10)
where is the viewing angle between the surface normal to the deviceand the line of
sight.
The device performance is optimized by varying and adjusting he thickness of the
molecularly doped charge transport layers so that the emission zone is placed at the
optical cavity maxima of the electromagnetic (EM) field. Theel ctrical characteristics
80 5 Organic AC-EL device structure, fabrication and characterization 5.3
of the device remain unchanged by the addition of thicker molecularly doped charge
transport layers, as molecularly doped films have high conductivity. By increasing the
ETL thickness the coupling of the emitting dipole to the evanescent waves between the
metallic electrode and the organic dielectric media can be reduced significantly. The
numerical optical model as well predicts the angle dependent spectra emitted per unit
solid angle by the device. The numerical SIM-OLED model requires experimentally
determined material properties as an input such as the photoluminescence (PL) spectra
and the refractive index (n&k) values.
5.3.3 Transmission Electron Microscope (TEM)
The cross-sectional transmission electron microscopy (TEM) specimens are prepared
using the focused ion beam (FIB) preparation technique on aZeiss 1540XB cross beam
FIB scanning electron microscope (SEM). These measurements are performed at the
Institut für Komplexe Materialien, IFW Dresden, Germany2. The TEM investigations
are carried out on aFEI Tecnai F30TEM/STEM microscope operating at 300kV
accelerating voltage. The microscope is equipped with a field emission gun, and Si(Li)
energy dispersive X-ray (EDX) spectrometer for spectroscopic compositional analysis
of the specimen and aGATAN imaging filter GIF200for energy-filtered TEM (EFTEM)
imaging for elemental mapping. The high angle annular dark field (HAADF-STEM)
imaging mode is used for EDXS analysis which allows for location-specific acquisition
of X-ray spectra. Bright Field TEM and high resolution TEM (HR-TEM) imaging
modes are used for thickness measurements of different layers in the stacked OLED
device cross-section and also to investigate the interfacequality between the organic
layers and the insulating SiO2 layers.
5.3.4 Scanning Electron Microscope (SEM)
A scanning electron microscope (SEM) (Gemini-Zeiss) equipped with an energy-
dispersive spectrometer (EDX) was applied for observing the morphology of layer as
well as for quantitative analysis of chemical compositions.
2TEM and SEM measurements done by Sandeep Gorantla at the Institut für Komplexe Materialien,
IFW Dresden, Germany
Chapter 6
Results and Discussion
In this chapter the results and the physical interpretationof the most impor-
tant findings of this work are presented. In the first half, thedevice structure
and the properties of metal oxide insulating layers, which form a vital
component of the AC-EL devices are discussed. Then the performance of
AC-EL devices based on SiO2 insulating layers employing fluorescent and
phosphorescent emission layer and a comparison between thetwo devices
are explained. Later, the working principle and strategiesfor improving the
performance of the AC-EL device is presented in detail. Finally the device
concept is extended to green AC-EL devices.
6.1 Organic AC-EL device structure
The AC-EL device structure is robust and offers advantages as there is no need
to consider the energy level alignment between the organic emission layer and the
insulating layer or the the energy level alignment between th insulator and that of the
electrode. Hence, the AC-EL device has a unique structure where in an applied electric
field electrically excites the emissive organic dyes.
The device structure consists of molecular organic layers sandwiched between a pair of
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Figure 6.1: Device structures: A) Single layer device; B) intrinsic or undoped charge-transport
layer device; C) PN-doped device without blockers; D) PIN-doped device with blockers.
transparent, insulating metal oxide layers (SiO2 or HfO2). Figure6.1 shows different
devices employed in this work. Device A consists of 20 nm thick EL layer sandwiched
between dielectric insulating layers of 60 nm thickness. Device B consists of 20 nm
thick emission layer enclosed between intrinsic or undopedcharge transport layers,
MeO-TPD and BPhen (20 nm each), and the organic layers are sandwiched between
dielectric insulating layers of 60 nm in thickness. Device Cis similar to Device B
except the intrinsic or undoped charge transport layers arereplaced by doped charge
transport layers (p-doped MeO-TPD :F4TCNQ and n-doped BPhen:Cesium (Cs)) of
20 nm each. Device D is similar to Device C except for the addition of charge blocking
layers-NPD and BPhen (10 nm each). For comparison, the same thickness is chosen
for the EL layer as well as insulating layer for all the devices.
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6.2 Fabrication and properties of metal oxide
insulating layers
6.2.1 Properties of Metal oxide insulating layers
The RF sputter deposited SiO2 and HfO2 insulating films are amorphous in nature [154–
156]. The surface of sputter deposited films are smooth, withaverage surface roughness
of approximately 5 nm, which is evident from the scanning force microscopy image
shown in Figure6.2. The dielectric constants of the sputter deposited films are
obtained from impedance spectroscopy, by measuring impedanc s a function of
frequency at different bias voltages. Fitting the experimental data with an R-C model,
the capacitance of the layer is obtained. For SiO2 film the capacitance is 0.25 nF,
while for HfO2 film the capacitance is 22.5 nF. The device area is identical for all
the devices fabricated in this work (6.7 mm2). With a film thickness of 50 nm, the
obtained dielectric constants are=4.5 for SiO2 and=21 for HfO2. The electrical
breakdown fields for the sputter deposited films are in the range of 5-10 MV cm 1.
Breakdown is inferred either from large jump in current or when the current density
reaches the compliance limit of the source measuring unit employed for measuring the
I-V response of an insulator sandwiched between the electrodes. The elemental analysis
of the sputtered layers is performed via Energy-DispersiveX-ray spectroscopy (EDX)
technique. As shown in Figure6.3and Figure6.4the major peaks in the obtained EDX
spectra for SiO2 film are only due to silicon and oxygen and for HfO2 film major peaks
in the EDX spectra are only due to hafnium and oxygen, which confirms the layer
composition. The impurity content in the layer is also minimal.
Optical transmission
In the visible region, an ITO coated glass substrate has a typical transmittance of
approximately 80%. An addition of transparent metal oxide ov rlayer usually does not
influence the transmission of the ITO and the glass substrate. We observe an enhanced
overall transmittance with an overlayer of SiO2 film for the same substrate as shown
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Figure 6.2: Scanning force microscopy image of SiO2 layer. The average surface roughness is
approximately 5 nm.
Figure 6.3: Elemental composition of SiO2 film.
in Figure 6.5. With HfO2 film as an overlayer for the same substrate, we observe
an increase in transmittance in the red region as shown in Figure 6.5. The glass/ITO
substrate along with an overlayer of transparent metal oxide forms an anti reflection
coating (ARC), resulting in an enhanced transmittance at a particular wavelength and
reduced reflectance shown in Figure6.5. The structure of an ARC unit and the
refractive indices with the thickness of the layers as well as the substrate is shown
in Figure6.6. R and T refer to the reflectance and transmittance, respectively.
To enhance the transmittance and as well to reduce the reflectance for such a system,
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Figure 6.4: Elemental composition of HfO2 film.
at a particular wavelength, the following condition for therefractive index has to be
met [157, 158], n2 > nS > n1. A glass substrate having refractive index of nglass=1.51,
an ITO electrode with refractive index of nITO=1.90 and SiO2 film as an overlayer
with refractive index of nSiO2=1.45 satisfies above condition and acts as near perfect
ARC unit as is evident from obtained transmittance value of over 95% as shown in
Figure6.5. While a glass substrate (nglass=1.51) with an ITO electrode (nITO=1.90)
and HfO2 overlayer (nHfO2=2.1) does not satisfy above condition, it still results in high
transmittance in red region. In conclusion the deposition of SiO2 or HfO2 film as an
overlayer on glass/ITO substrate results in either comparable or improved transmittance
values to that of ITO/glass substrate.
Optical constants
The optical constants are deduced from ellipsometry (section 5.3.2) for transparent
metal oxides in this work. The optical constants are represent d as a function of the
photon energy, E=~ !=hc/ and are known as optical dispersion relations. Here,! is
the frequency, is wavelength, and c the speed of light. In ellipsometry, therelative
amplitude change represented as	 and the relative phase change represented as re
measured independently.
Figure6.7and Figure6.9show the measured experimental data of	 and for for SiO2
and HfO2 recorded at 60Æ and 70Æ incident angles. The experimental	 and spectra
(solid line) are fitted with the Cauchy-Urbach model [150] and the best fit is shown as
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Figure 6.5: Transmission as a function of wavelength through SiO2 and HfO2 layers coated
on glass substrate with an ITO electrode. An enhancement of transmission is observed in red
region and the system acts as an anti reflection coating unit.
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Figure 6.6: Crossection of semitransparent multilayer system showingreflection and trans-
mission through semi infinite substrate as well as thicknessand refractive indices of different
layers.
dash dotted line in the same figure. The best-fit simulated data obtained for SiO2 shows
mismatch especially in values of the experimental and simulated data. Although the
TiO2 interlayer minimizes the difficulty in extraction of optical constants, extraction of
optical constants for SiO2 proved to be difficult. While for HfO2, the best-fit simulated
data for	 and (dash dotted line) are almost identical to the measured experimental
spectra (solid line).
The optical constants obtained show a strong dispersion, and the refractive index
decreases with increasing wavelength. The refractive index of SiO2 film in the visible
region is in the range 1.46-1.54 (Figure6.8) and for HfO2 the refractive index lies
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between 2.05-2.35 (Figure6.10). The extinction coefficient, which is a measure of
absorption in the film, is very small for SiO2 film as shown in Figure6.8 by a dash
dotted line. This indicates that there is almost zero absorption in the film and the film
has high transparency. For the HfO2 film, the extinction coefficient is small but exhibits
a wavelength dependence (Figure6.10), resulting in a finite absorbance and a reduction
in transparency as shown in Figure6.5. Film thickness obtained from ellipsometry as a
byproduct are in agreement with the film thickness measured via QCM.
Figure 6.7: Measured (solid line) and model fit (dash dotted line) ellipsometric parameters,	
and, (a) for 100 nm SiO2 thin film deposited on 50 nm TiO2/glass substrate. The experiment
is performed for two different angular positions 60Æ and 70Æ.
Figure 6.8: Index of refraction and the extinction coefficient for same samples as in Figure 6.7.
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Figure 6.9: Measured (solid line) and model fit (dash dotted line) ellipsometric parameters,	
and for 100 nm HfO2 thin film sputtered on glass substrate. The experiment is performed for
two different angular positions 60Æ and 70Æ.
Figure 6.10:Index of refraction and the extinction coefficient for same samples as in Figure 6.9.
6.2.2 Sputter deposition of insulating layers with low powe r
The choice of sputter deposition of insulating metal oxide dielectric layer on top of
an organic layer demands for sputter deposition to be performed carefully on top of
an organic layer without causing significant damage to the molecular structure which
affects the performance of the device. Figure6.11(a) shows a cross-sectional bright
field TEM image of the complete device. Different layers of the complete device are
identified and their measured thickness values are mentioned. I general the organic
layers are composed of carbon, hydrogen, oxygen, and nitrogen. The dominant carbon
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content and the amorphous nature of all organic layers implies no distinguishable
contrast for different organic layers. For this reason, theentire organic layer stack
appears as a single unit of approximately 80 nm, which is the total hickness of all the
organic layers as shown in Figure6.11(b), having relatively brighter contrast due to
the weaker scattering events. The different layers imaged in Figure6.11(b) are labeled
in the corresponding schematic Figure6.11 (c). The observed interface between the
organic layer and the insulating oxide layers is sharp and cotinuous. No gaps or voids
are observed along the interface. The EDX analysis of the topsputtered silicon oxide
layer and the organic layers showed that there is a silicon penetration of 2 atomic %
into the organic layers.
The Energy-filtered TEM (EFTEM) analytical imaging method is used for mapping the
chemical distribution of elements in the layers [159–162].Since the individual organic
layers in the complete device could not be distinguished in normal TEM mode, we
employ the EFTEM method for mapping the chemical distribution of elements in the bi-
layer consisting of the sputter deposited silicon oxide on top of an electron transporting
BPhen layer prepared on a glass-substrate. Figure6.11(d) shows the EFTEM image
formed by electrons with zero energy loss, which is identical to a normal bright field
TEM image, and serves as a reference image to compare with thesilicon and oxygen
elemental maps shown in Figure6.11 (e) and (f) respectively. The different layers
imaged in Figure6.11(d-f) are labeled in the corresponding schematic Figure6.11(g).
In Figure6.11(e), the bright contrast in the image corresponds to Si signal. The abrupt
damping of the Si signal at the silicon oxide-BPhen interface nd the absence of any
bright contrast in the BPhen layer indicates the penetration of Si during sputtering is not
significant under the sputter deposition conditions we haveemployed. The distribution
of Si and O signals in Figure6.11(e) and (f) also confirms the sputtered layer being
silicon oxide.
Typically sputtering does cause physical damage to the organic molecules. The silicon
penetration into organic layers, UV radiation exposure or the oxidation the organic
ligands at the top oxide interface limits the device performance by damaging part of
the organic layer. To determine whether the sputtering causes physical damage to the
organic layer, we have performed the following experiment.The PL intensities for two
different samples (i) a neat EML on a quartz substrate (ii) a ne t EML with sputtered
overlayer on quartz substrate is compared. Figure6.12 shows a decrease in the PL
intensity by a factor 102, due to the sputter deposited overlayer. Although this is not the
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Figure 6.11: (a) Bright field TEM image showing the cross-section of the complete device.
(b) The HR-TEM image of silicon oxide-organic layers- silicon oxide interface, the individual
organic layers showed no distinct contrast in the TEM due to the predominant carbon content.
We could not resolve the individual organic layers but the int rface between oxide and organic
layers is observed to be sharp and continuous one. The different layers imaged in (b) are
labeled in the corresponding scheme (c). The images (d-f) show t e cross-section of a sample
with neat BPhen layer with a sputtered layer on top in the energy-filtered imaging mode. d)
EFTEM image at zero energy loss, which is comparable to a bright-field TEM image of the
cross-section. e) EFTEM elemental map of silicon. The bright contrast corresponds to silicon.
f) EFTEM elemental map of oxygen. The bright contrast corresponds to oxygen. The Si and O
maps also show that the sputtered layer is silicon oxide. Thediff rent layers in the images (d-f)
are labeled in the scheme (g).
real device configuration, it clearly demonstrates the damage c used by the sputtering
process. However, sputtering is not carried out directly ontop of the emission layer in
this thesis. Also, there is no current flow across the interfac between sputtered layer
and the organic layer adjacent to it, therefore we assume that it s no major influence.
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Figure 6.12:PL spectra before and after deposition of sputtered overlayon top of an organic
EML.
6.3 AC-EL devices with SiO 2 insulating layers
6.3.1 Fluorescent AC-EL devices
For fluorescent AC-EL devices, the emission layer consists of Alq 3 (tris(8-hydroxy-
quinolinato)aluminum) as a host and DCM (4- dicyanomethylene-2-methyl-6- p-di-
methylaminostyryl-4H-pyran) as fluorescent orange red dyedopant, with 2 wt% doping
in all devices. We use DCM as dopant in Alq3 to have resonant energy transfer of
singlets from Alq3 host to DCM guest [91]. In DC-OLEDs the EL conversion efficiency
is known to be low for neat layers of Alq3. The lower EL conversion efficiency is due to
lower photoluminescent (PL) quantum yield of Alq3 emitter material. The fluorescence
quantum yield of thermally evaporated Alq3 films employed as emissive layers in DC-
OLEDs is known to be approximately 20% [103]. The PL quantum yield of an emission
layer in host-guest system (2 wt% optimal concentration of DCM doped into Alq3 [91])
is as high as 40%. There is a good overlap between the emissionspectrum of Alq3 and
the absorption spectrum of the DCM molecule and there is effici nt energy transfer
between the Alq3 molecule to that of DCM. This results in enhanced PL quantum
efficiency of DCM doped into the Alq3 film. In DC-OLEDs it has been shown that
the EL conversion efficiency can be enhanced significantly byemploying Alq3 doped
DCM as emission layer (2 wt%) [91].
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At first the AC devices are fabricated by sandwiching neat layers of Alq3 between
SiO2 insulating dielectric layers as was reported before [137, 163]. The complete
device is processed at room temperature in contrast to otherreports [137, 163], no
substrate heating is employed during Alq3 deposition. The device structure is shown in
Figure6.1 (A). When the device is driven with AC, normal weak Alq3 green emission
from the device is observed, which is in contrast to the blue emission as was claimed
before [137, 163]. However, the luminance level is below thedetection limit of the
photometer. The low luminance is attributed to lower fluorescent quantum yield of
Alq3 neat films. By introducing the host guest system for emissionlayer with DCM as
dye dopant, we could enhance the luminance output from the device. For the device
with emission layer consisting of 2 wt% DCM doped in Alq3 sandwiched between the
insulating SiO2 dielectric layers, usual orange red emission from DCM dye isobserved
when the device is driven with AC bias. The luminance is higher in comparison to
neat Alq3 emission layer, however the luminance is still below the detction limit of the
photometer.
A strong enhancement in luminance, which is in the measurable r nge of the photome-
ter, is achieved with the addition of intrinsic charge transport layers on either side of the
EL layer. The device structure is shown in Figure6.1(B). The L-V response for device
B at a fixed frequency of 10 kHz is shown in Figure6.13. The light output increases as
Figure 6.13: Luminance-Voltage (L-V) characteristics of Devices B,C and D. Luminance is
plotted as a function of applied AC voltage at a fixed frequency of 10 kHz.
a function of the increasing field applied across the device.The threshold AC voltage
for the onset of luminance is approximately 42 V, beyond the thr shold voltage the
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luminance increases as a function of the applied AC bias. Maximum luminance of
approximately 10 cd m 2 at frequency of 10 kHz is achieved with this device.
Molecularly doped organic charge transport layers are introduced on both sides of
the EL layer as shown in Figure6.1 C to increase further the the number of charge
carriers within the device [9, 164] and thereby improve the luminance output and
the performance of the device. The L-V response for this device at different fixed
frequencies is shown in Figure6.13. The luminance is strongly enhanced compared
to device B. Again the light output increases as a function ofthe increasing voltage
applied across the device.
Further thin blocking layers were introduced for device D (Figure 6.1 D), to confine
the emission zone and reduce quenching of excitons [165]. The L-V response for the
device D is shown in Figure6.13. Bright luminance of up to 60 cd m 2 at 30 V and
10 kHz is achieved for this device under AC drive.
The AC electroluminescence spectra for the device structures B,C and D are shown in
Figure6.14. Orange red emission from the fluorescent dye dopant DCM which peaks
Figure 6.14: AC-EL spectra of the devices B,C and D plotted as a function ofwavelength.
Orange red emission from fluorescent dopant DCM peaked at approximately 615 nm is observed
in all the devices. Photoluminescence spectrum of the fluorescent dye DCM peaked at 630 nm
is shown for reference.
at approximately 615 nm is observed in all devices. Spectra are recorded for all the
devices driven with different AC voltages and frequencies.The spectral peak does not
shift with an increase in applied voltage or with frequency for all the devices. For
comparison the photoluminescence (PL) spectra of DCM dye dopant is also shown in
Figure6.14peaked at 630 nm. We observe 15 nm peak offset between the AC-EL and
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the PL spectra of DCM fluorescent dye dopant. Also, the AC-EL spectra are broad
in comparison to the PL spectra of DCM dye dopant, this is attributed to the detuned
optical cavity. The optical cavity is not optimized to the emission wavelength of the
emitter molecule and the layer thickness are chosen arbitrarily in this case.
Table 6.1:Comparison of SiO2 based AC-EL devices with fluorescent organic emission layer.
Device Vth Maximum Luminance @ 10 kHz
- (V) (cd m 2)
A - -
B 50 V 13 (@ 60.2 V)
C 37 V 21 (@ 48.8 V)
D 37.8 V 60 (@ 51.5 V)
6.3.2 Phosphorescent AC-EL devices
For phosphorescent AC-EL devices, the emission layer consists of -NPD (N,N’-
di(naphthalen-1-yl)-N,N’-diphenyl-benzidine) as host and Ir(MDQ)2(acac) (bis(2-me-
thyldibenzo-[f,h]quinoxaline)(acetylacetonate) iridium(III)) as orange phosphorescent
dye dopant, with 10 wt% doping in all devices. The EL layer with an emitting system of-NPD:Ir(MDQ)2(acac) allows an effective energy transfer from the host to the guest
dopant molecules [106, 166].
The luminance spectra for all device structures of Figure6.1are shown in Figure6.15.
Orange red emission from the phosphorescent dopant Ir(MDQ)2(acac) which peaks at
approximately 610 nm is observed in all devices. Spectra arerecorded for all devices
driven with different AC voltages and frequencies. The spectral peak shows no shift
with an increase in applied voltage or with frequency for alldevices. The spectral
broadening for device B, C, and D in comparison to the PL spectra is again attributed
to the detuned optical cavity. The optical cavity is not optimized to the emission
wavelength of the emitter molecule and the layer thickness are arbitrarily chosen.
For the device A of Figure6.1with only a single EL layer enclosed between insulating
layers, we observe a very weak luminance with an increasing AC bias applied to
the device. The luminance levels are below the detection limit of the luminance
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Figure 6.15: AC-EL spectra of all the devices recorded at different applied AC voltages.
Orange-red emission from phosphorescent dopant Ir(MDQ)2(acac) peaked at approximately
610 nm is observed in all the devices. The photoluminescencespectrum of the phosphorescent
Ir dye Ir(MDQ)2(acac) is shown for reference.
meter. However, the luminance level is sufficient to record the spectra with very high
integration times. With the addition of intrinsic charge transport layers on either side
of the EL layer (device B of Figure6.1), the luminance is strongly enhanced. The L-V
response at 10 kHz fixed frequency is shown in Figure6.16. The light output increases
Figure 6.16: Luminance-voltage (L-V) characteristics of the devices B,C, and D, shown in
Figure 6.1.
as a function of increasing AC voltage across the device. Thethreshold voltage for the
onset of luminance is approximately 36 VRMS for this device. Beyond the threshold
voltage, the luminance increases as a function of the applied AC bias at any fixed
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frequency. A maximum luminance of approximately 109 cd m 2 at a frequency of
10 kHz is achieved with this device.
Asymmetrically doped charge transport layers are introduce on both sides of the EL
layer for device C of Figure6.1). The L-V curves for this device recorded at a fixed
frequency of 10 kHz is shown in Figure6.16. An increase in the luminance output
compared to devices A and B and a decrease in the threshold AC bias of approximately
10 VRMS is observed for this device. Further, with the addition of thin blocking layers
(device D of Figure6.1) the observed luminance at any fixed applied bias and fixed
frequency is higher compared to the device without blockersas hown in Figure6.16.
Bright luminance of up to 539 cd m 2 is observed for this device when driven with an
AC bias.
Table 6.2: Comparison of SiO2 based AC-EL devices with phosphorescent organic emission
layer.
Device Vth Maximum Luminance @ 10kHz
- (V) (cd m 2)
A - -
B 41.3 V 109 (@ 67.0 V)
C 30.8 V 125 (@ 44.5 V)
D 31.1 V 539 (@ 49.5 V)
Comparison of fluorescent and phosphorescent AC-EL devices
The AC-EL device structures (devices A to D of Figure6.1) in the above sections
are the same except in one case the devices consist of fluorescent organic emission
layer and in another case the devices consist of a phosphorescent organic emission
layer. In the following for simplicity a comparison is drawno ly for the most efficient
device D amongst the devices shown in Figure6.1. The insulating layer thickness
is kept constant in all devices so that the electrical properties are not altered for the
device. This is obvious from similar AC currents flowing in the device as shown in
Figure6.17. For the AC-EL device with fluorescent emitter, only excitedsinglets are
allowed to relax back to ground state due to symmetry considerations, while triplets
are forbidden to relax back to the ground state. This resultsin loss of about 75% of
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Figure 6.17: AC currents flowing in device D for EML with Alq3:DCM and -
NPD:Ir(MDQ)2(acac).
the excitons. As the majority of excitons formed are in the triplet state, the device
performance and the efficiency of the device is limited for fluorescent emitters. By
employing phosphorescent emitter, the triplets can radiatively relax back to ground state
by emission of light, which enhances the performance and efficiency of the device. This
is obvious from the comparison of the fluorescent and phosphorescent devices shown in
Table6.3. Threshold voltage for the onset of luminance is approximately the same for
both devices. A maximum luminance of 60 cd m 2 at 51 V is achieved for a fluorescent
device, while for a phosphorescent device, we could achieve539 cd m 2 at 49.5 V. The
increase in luminance is attributed to better PL quantum yield and an increase in the
radiative exciton density due to the addition of phosphorescent dye. Electrically the
devices are similar, as same amount of AC currents flow in bothdevices (Figure6.17).
The phase angle between the AC current and voltage signals, which is a measure of the
capacitive nature of the device is also similar for both devic s as shown in Figure6.18.
The phase angle for both the devices remains at 90Æ, clearly indicating the device is
capacitive.
The power efficiency (section5.3.1) calculated under the Lambertian approximation
is plotted as a function of applied voltage. It increases with increasing AC voltage. A
maximum power efficiency of 0.06 lm W 1 is achieved for fluorescent device shown
in Figure 6.19 and 0.37 lm W 1 is achieved for phosphorescent device shown in
Figure 6.20. Since the organic active layer is sandwiched between the metal oxide
dielectric insulating layers, large displacement currents flow in the insulating layers
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Figure 6.18:The phase angle between the AC current and voltage signals. The phase angle for
both the devices remains at 90Æ, clearly indicating the device is capacitive.
during AC device operation. The power efficiency is estimated with contributions
included from the power dissipation on ITO.
Figure 6.19:Power efficiency as a function of applied AC voltage for the fluorescent device. A
maximum power efficiency of 0.06 lm W 1 was achieved for the fluorescent device.
Table 6.3: Comparison of SiO2 based AC-EL devices with fluorescent and phosphorescent
organic emission layer (for device D).
EML Vth Luminance Power efficiency
- (V) (cd m 2) (lm W 1)
Alq3:DCM (Device D) 37.8 V 60 (@ 51.5 V) 0.06-NPD:Ir(MDQ)2(acac) (Device D) 31.1 V 539 (@ 49.5 V) 0.37
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Figure 6.20: Power efficiency as a function of applied AC voltage for fluorescent and phos-
phorescent devices. A maximum power efficiency of 0.37 lm W 1 was achieved for the
phosphorescent device.
6.3.3 Time resolved AC-EL
Time resolved AC-EL measurements are shown in Figure6.21. For both devices
Figure 6.21: The time-resolved measurements of the alternating voltagepulse at 10 kHz (left
axis) and the corresponding AC-EL as recorded by the photodetector (V) (right axis). The
device emits light only in the forward cycle.
AC-EL is observed only in the positive half of the AC cycle, where the applied AC
field assists in the formation of excitons and light generation. Beyond the luminance
onset, the luminance rises steeply, while luminance is onlybserved in a short time
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frame after which the luminance drops even when the positivehalf of AC cycle is still
on as seen in Figure6.21.
6.3.4 Frequency dependence of AC-EL devices
The luminance versus frequency response at a fixed AC drivingoltage for both
devices is shown in Figure6.22. The luminance increases with frequency, but saturates
Figure 6.22:Luminance-frequency (L-f) characteristics.
at higher frequencies. The increase in luminance is due to the increase in current flow
shown in Figure6.23as well as a decrease in the impedance of the device as a function
of increasing frequency as shown in Figure6.24. The capacitive reactance of the device
is inversely proportional to the frequency. Only in the positive half of the AC cycle the
charge carriers form excitons which decay radiatively. During this process the charge
carriers leave behind ionized dopants on the p- and n- molecularly doped layers. As the
frequency increases, more current flows through the device resulting in more charge
carriers being pushed into the EML and more number of ionizeddopants left behind.
The accumulation of ionized charge carriers therefore builds an internal electric field
which is opposite to the applied external field. Hence the resulting internal field screens
the applied external field experienced by the organic layers. Due to the screening of
the external electric field, the number of charge carriers reaching the EML is reduced
6.3 6.3 AC-EL devices with SiO2 insulating layers 101
as a function of frequency. Also, at high frequencies, the ACcycle is reversed even
before the charge carriers can reach the EML and undergo radiative recombination.
Although the current increases linearly with the frequency, the luminance tends towards
saturation as there are less charge carriers available for formation of exciton and their
radiative decay, compared to the charge carriers that form excitons at the previous
frequency.
It is important to note that the luminance tends towards zero, as the frequency
Figure 6.23: Increase in current flowing through the device as a function of frequency.
Figure 6.24:Decrease of impedance of the device as a function of frequency.
approaches zero indicating clearly the capacitive nature of the device (the device does
not respond to DC).
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6.3.5 Evidence for AC-EL device operation
DC Tests
DC tests are performed on the device to make sure the observedluminance is from
application of AC bias and not due to injected charges into the device. The current-
voltage (I-V) response with DC bias applied to the device is shown in Figure6.25. DC
Figure 6.25:The current-voltage (I-V) response to the DC bias applied across the device. The
AC-EL is observed at 40 VRMS and the equivalent DC voltage does not lead to any luminance
from the device. We have performed DC tests up to70 V, which is way beyond the required
value. Even for very high DC voltages (70 V), the current is ofthe order of micro amperes (A)
in the devices.
voltages as high as75 V were applied to the device. The currents recorded even at
very high DC voltages are of the order of micro-amperes. No luminance is observed
from the device with DC voltages applied to the device. However, under the AC drive
the the AC current increases as a function of increasing AC voltage and are of the order
of milliamperes as shown in Figure6.17. This clearly demonstrates that the AC-EL is
not due to injected charge carriers.
Variation of doping concentration in charge transport laye rs
To add further evidence to the device operating mechanism, the doping concentration
in the charge transport layers is varied. An increase in doping concentration in the
6.3 6.3 AC-EL devices with SiO2 insulating layers 103
charge transport layers results in an increase of the numberof free charge carriers
within the layer [9, 164]. Intrinsic organic layers have a typical charge carrier density of
1014 cm 3 [167]. By the concept of molecular doping, an increase in thecharge carrier
density is achieved by orders of magnitude to typically 1018 cm 3-1019 cm 3 [9, 164].
If the charges are regenerated within the device then an increase in charge carrier
density should result in an increase in the luminance output. To prove this, the
doping concentration on the p-side is varied and simultaneously the conductivity for
the corresponding molar ratio (MR) is measured. For this experiment, we have chosen
MeO-TPD doped with F6TCNNQ. The F4TCNQ molecules have a low evaporation
temperature of 75ÆC and are very volatile, while F6TCNNQ molecule has a low lying
LUMO similar to that of F4TCNQ, but is very stable and has a higher evaporation
temperature avoiding the contamination of the evaporationchamber. F4TCNQ and
F6TCNNQ dopants on the p-side are interchangeable which lead to a comparable
performance of our devices. The conductivity measurementswere performed over a
wide range of doping ratios spanning from a MR of 0.02-0.6. The results of these
measurements are shown in Figure6.26. Molar ratios of 0.07 and 0.2 are chosen for
Figure 6.26:Measured increase of conductivity for MeO-TPD doped by F6TCNNQ. The molar
ratios for doping concentration range from 0.02 to 0.6 (2-40mole%).
F6TCNNQ doped in MeO-TPD which differ significantly, such thatthis effect can be
seen more pronounced. The insulating layer thickness is kept constant during these
experiments. Same conductivity for p-doped (MeO-TPD dopedwith F6TCNNQ) and
n-doped (BPhen doped with Cs) layers is achieved. This was done after checking the
doping efficiency [164] for the p- and n- doped side to be almost the same at around
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5 %. The number of charge carriers is also approximately the same and amounts to
1019 cm 3 on both sides. The luminance observed at any voltage is higher for higher
doping concentration as shown in Figure6.27.
Figure 6.27:Luminance voltage response for two different doping concentrations of F6TCNNQ
(4 wt% and 14 wt%) for the device D shown in Figure 6.1, with 80 nm SiO2 and phosphorescent
EML.
6.4 Working principle of organic AC-EL device
In the following, a working principle for the organic AC-EL devices is proposed, based
on the experimental results presented so far. On application of AC bias to the device,
the dielectric is polarized and the charge carriers move to the luminescent centers.
The applied AC bias is divided across the device depending onthe capacitances of
the insulating dielectric layers (Cit and Cib), and the organic layer (C0). Up to a
certain minimum AC bias, the device does not emit any light, termed as the threshold
AC voltage (VTh) for light emission. Below the threshold AC bias, all of the above
mentioned capacitive elements are contributing to the total capacitance of the device.
During this time the voltage which drops across the organic layers is not sufficient to
generate the charge carriers to form excitons and generate ligh . Above the threshold
AC bias, the field assisted drift and diffusion of charge carriers assists the charge
carriers to move towards the emissive zone, where they are trpped on the emissive
dye to form excitons leading to emission of light. Due to the movement of the charge
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carriers above the threshold voltage, there is current flow in the organic layer. The
capacitive contribution from the organic layer (C0) becomes negligible. Above VTh,
the applied AC bias can be increased up to the dielectric breakdown field strength of
the insulating metal oxide dielectric layer. The luminancesaturation indicates there are
limited number of charge carriers within the device.
The novelty of this device concept is in the regeneration of charge carriers within the
device, without injecting them like in DC devices. If we do not inject the charge carriers
into the device, we need to regenerate them by some means within the device for
sustained luminance. We propose following mechanism for the egeneration of charge
carriers within the device. At equilibrium, the Fermi levels of metal, insulator, and the
organic are aligned. For the case of low positive applied AC bias (less than the built-in
potential), the built-in potential is reduced by an amount equal to the externally applied
bias as shown in Figure6.28. For the case of extreme forward bias (high positive
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Figure 6.28: For the case of low positive applied AC bias (less than the built-in potential), the
built-in potential is reduced by an amount equal to externalapplied bias.
voltages) applied to the device, the applied AC bias is exceeding the built-in potential
and the resulting energy band level alignment is shown in Figure 6.29. The cathode
Fermi level moves relative to the anode Fermi level depending on the external applied
AC bias. The charge carriers (holes and electrons) are injected into the emission layer
and excitons are generated and they decay radiatively. Since the charge carrier drift
forms excitons in the positive half of the AC cycle, the charge carriers leave behind
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Figure 6.29: In the extreme forward bias case where the applied AC bias is exceeding the built-
in potential, the band alignment is as shown in the cartoon picture.
ionized dopants on the p- and n- side.
In the opposite cycle for low negative applied AC bias (less than the built-in potential),
the built-in potential increases by an amount equal to the ext rnally applied bias as
shown in Figure6.28. At high negative AC bias, the charge carriers can tunnel dirctly
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Figure 6.30:For the case of low negative applied AC bias (less than the built-in potential), the
built-in potential increases by an amount equal to externalapplied bias.
from the HOMO of the p- side to the LUMO of the n-layer through the intrinsic layer
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due to band level alignment. The energy levels between the transport and intrinsic
layer are spread in such a way that there is stepwise staircase like distribution (ladder
like states) (Figure6.31) [168], which assists in the charge carrier tunneling from one
ladder state to another at large applied negative AC bias. Thus c arge carriers (holes
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Figure 6.31: At high negative AC bias the energy levels between the transport and intrinsic
layer are spread in such a way that there is stepwise staircase such as distribution (ladder-like
states), which assist in the charge-carrier tunneling fromne ladder state to another.
and electrons) are generated and drift towards the insulators nd neutralize the ionized
dopants. This brings the system back to the original state. By this process, free charges
are generated which are used in the subsequent forward cycleto g nerate excitons
again. The device does not emit light in the negative cycle. This is also confirmed
in a reference DC device with just the emission layer sandwiched between ITO and Al.
The device only emits in the forward direction and does not emi in the reverse bias.
This clearly demonstrates that our AC devices are like diodes which generate light only
in one cycle.
108 6 Results and Discussion 6.5
6.5 Strategies for improving the performance of
organic AC-EL devices
In this section the strategies for improving the performance of organic AC-
EL devices is presented. We employ two contrasting metal oxides, one
with low  (SiO2) and another with high (HfO2) and show luminance
can be enhanced to well over 1500 cd m 2. The threshold voltage for the
onset of AC luminance as well can be reduced to as low as 10 V by using
high  HfO2 insulating dielectric layers. Further, by optically optimizing
the device with the help of numerical optical simulations, we demonstrate
very bright AC organic electroluminescence of well over 5000 cd m 2 with
a luminous efficacy close to 1 lm W 1 improving the device performance
significantly.
6.5.1 Lowering the drive voltage of AC-EL device
Two different device structures with two contrasting metaloxides one with low SiO2
dielectric and the other with high HfO2 dielectric as insulating layers are fabricated
and comparison is drawn on their performance. The device structures are shown in
Figure6.32.
For comparison, the same layer sequence and thickness are used for both structures.
AC-EL spectra for both SiO2 and HfO2 devices are shown in Figure6.33. Bright orange
red emission from the phosphorescent dopant Ir(MDQ)2(acac) (610 nm) is observed
for both devices. The spectral position and the shape remainthe same with either the
AC voltage or frequency variations.
The luminance-voltage response is shown in Figure6.34. The driving voltages are
significantly lower for the device with HfO2 insulating layers, the threshold voltage
for the onset of AC-EL is 10 V and very high brightness of 1581 cd/m2 at 23.5 V and
10 kHz is achieved. A comparison of device performance betwen SiO2 and HfO2
insulating layers is shown in Table6.4.
The higher luminance observed for the device with HfO2 insulating layers is due to
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Figure 6.32: Two different device structures showing the organic emission layer and the
electrochemically doped charge transport layers sandwiched between either SiO2 or HfO2
insulating oxide layers.
Figure 6.33: The AC-EL for both the device structures with either SiO2 or HfO2 insulating
layers is superposed on photoluminescence (PL) spectra of the emission dye.
higher currents flowing through the device as shown in Figure6.35. The phase angle
drops at lower voltage and the drop in phase is sharp for the HfO2 device in comparison
to the SiO2 device as shown in Figure6.36. This corresponds to a drop in impedance of
the device and flow of more current through the device. The breakdown fields for the
sputtered insulating layers are of the order of 5-10 MV cm 1, and the voltage sweep in
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Figure 6.34:Plot of the AC-EL luminance as a function of AC voltage at 10 kHz for the device
with 60 nm-thick SiO2 insulating layers and a device with the same thickness HfO2 insulating
layers, having the same organic layer sequence and thickness.
Table 6.4:Comparison of SiO2 and HfO2 based AC-EL devices.
Insulating layer Vth Luminance Power efficiency
- (V) (cd m 2) (lm W 1)
SiO2 (=4.5) 31 V 539 (@ 50 V) 0.37
HfO2 (=21) 10 V 1581 (@ 23.5 V) 0.57
the L-V plot is restricted to voltages below the breakdown fields.
Although both devices have an identical area and the same layer sequence, the threshold
voltage for onset of luminance for the HfO2 device is reduced by approximately 20 V in
comparison to SiO2 device. The lowering of the threshold voltage can be explained by
the higher dielectric constant of HfO2. The dielectric constant of sputter deposited films
obtained from impedance measurements are =4.5 for SiO2 and = 21 for HfO2. For
the low SiO2 film of 60 nm, a capacitance of 3.9 nF is obtained. While for thehigh
HfO2 layer of same thickness, a significantly higher capacitanceof 18.5 nF is obtained.
Typically, the dielectric constant for organics is assumedto be between =3-4, which
corresponds to a capacitance of 2.9 nF for the 80 nm thick organic l yers. The total
capacitance for organic and insulating layers in series forthe device can be written as1Ct = 1Cit + 1CO + 1Cib (6.1)
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Figure 6.35: Plot of AC current vs Voltage for device with 60 nm-thick SiO2 nsulating layers
and a device with the same thickness HfO2 insulating layers, having the same organic layer
sequence and thickness.
Figure 6.36:Plot of the Phase vs Voltage for the device with 60 nm-thick SiO2 insulating layers
and a device with the same thickness HfO2 insulating layers, having the same organic layer
sequence and thickness.
where CO is the capacitance of organic layers and Cit and Cib are capacitances of top
and bottom insulating layers.
Capacitors in series have the same current flowing through them, and each capacitor
stores the same amount of charge regardless of its capacitance (Q is same on all the
series capacitive elements). The voltage drop across each capacitor will be different
depending upon the values of the individual capacitances. As the insulator thicknesses
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are the same for top and bottom insulating layers we can writethe total insulating
capacitance as Ci = Cit ·CibCit + Cib . (6.2)
The total insulating layer capacitance is in series with theorganic capacitance. By
applying Kirchoff’s voltage law, the electric field drop across the organic and the
insulating layers at the onset of luminance can be written asVCi = VthCo + Ci ·Co , (6.3)
and VCo = VthCo + Ci ·Ci . (6.4)
The electric field on the insulating layers is 1.42 MV cm 1 while the electric field on
organic layers is 1.46 MV cm 1 for the SiO2 device. For the HfO2 device the electric
field on the insulating layers is 0.19 MV cm 1 and the electric field on organic layers is
0.95 MV cm 1. The lower electric field in the insulating layers causes a reduction in the
threshold voltage of AC luminance for HfO2 device in comparison to the SiO2 device.
Furthermore, the charge carrier generation rate (in the negative cycle) is also higher
at the higher fields in the organic layers, which is responsible for higher luminance
observed in the HfO2 device.
The luminance versus frequency response at a fixed AC drivingvoltage for both devices
is shown in Figure6.37. The luminance frequency response is similar for both the
devices and the reason for increase and saturation of luminance re also the same as
explained before in section6.3.4.
Time resolved AC-EL measurements are shown in Figure6.38. For both devices,
we observe the AC-EL only in the positive half of the AC cycle,where the applied
AC field assists in the formation of excitons and light generation. The luminous
efficacy calculated with Lambertian assumption as a functioof AC voltage is shown in
Figure6.39. We achieve a maximum luminous efficacy of0.6 lm W 1 for the HfO2
device, which also exhibits maximum luminance output. The eff ct of reduction in the
voltage for the HfO2 device is not that pronounced in luminous efficacy. Althoughthere
is a reduction in the threshold voltage, higher currents areflowing in the HfO2 device
as shown in Figure6.35, which cancels the effect of voltage reduction.
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Figure 6.37: Luminance-Frequency (L-f) characteristics for the devicewith SiO2 and HfO2
insulating layers.
Figure 6.38:Plot of time-resolved AC-EL as a function of AC voltage.
6.5.2 DC Tests
Confirmatory DC tests are performed on both the devices to make sure the observed
luminance is from application of AC bias and not due to charges injected into the
device. A DC bias of40 V is applied for the device with HfO2 insulating layers.
Due to asymmetric electrodes we observe an asymmetric DC I-Vresponse. Under DC
bias, leakage currents of the order of micro-amperes are record d for the HfO2 device as
shown in Figure6.40. Faint luminance of 5 cd m 2 at 40 V is observed in forward bias
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Figure 6.39:Power efficiency (lm W 1) as a function of AC voltage for the two different devices
with SiO2 or HfO2 insulating layers.
Figure 6.40: DC tests made on both the device structures with either SiO2 or HfO2 insulating
layers yield currents of the order of micro amperes.
for the device with HfO2 insulating layers shown in Figure6.41. The DC luminance
shown in the inset of Figure6.41is very different from AC luminance. It is significant
to note that the DC luminance observed from the device is not oly restricted to the
active area of the device (defined by the overlap between the top and bottom electrode)
but also on the ITO electrode beyond the active area of the device. This clearly indicates
that the insulating layer is porous and due to high electric fields there is lateral drift of
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Figure 6.41: The DC luminance as a function of DC voltage plot for the devices. We observe
faint luminance of 5 cd m 2 at 40 V in forward bias for the device with HfO2 insulating layers,
while we observe no luminance for the device with SiO2 insulating layers.
injected electrons to meet the holes injected from the ITO finger electrode beyond the
active area through the porous insulating layer to form excitons and emit light.
6.5.3 Optical optimization of AC-EL device
High brightness AC-EL is achieved by means of optical optimization of the AC-EL
device via numerical optical simulations (section5.3.2) based on an optical thin film
model [152]. Furthermore, we enhance the number of charge carri rs within the device
by means of increasing the thickness of molecularly doped charge transport layers.
The optical optimization of the device is accomplished by varying and adjusting the
thickness of the molecular doped charge transport layers, so that the emission zone is
placed at the optical cavity maxima of the electromagnetic (EM) field. By increasing
the thickness of the molecular doped charge transport layers, the coupling of the
emitting dipole to the evanescent waves between the metallic electrode and the organic
dielectric media is reduced. It is known that when an emitting dipole is placed close to
the metallic electrode, this coupling becomes prominent and is strongly dependent on
the distance between the emitting molecule and the metallicelectrode [169]. Also by
increasing the thickness of doped charge transport layers it is possible to enhance the
number of free charge carriers available within the device.
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The optimized and non optimized AC-EL device structures andtheir optimized layer
thickness values are shown in Figure6.42. A comparison is drawn for the performance
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Figure 6.42:Device structures.
of Device A (non optimized device) with Device B (an optically optimized device).
Both devices consists of similar layer sequence except thatDevice B has 90 nm p-doped
and 165 nm n-doped charge transport layers, while Device A has symmetric 20 nm p-
doped and 20 nm n-doped charge transport layers.
The thickness variations of molecularly doped HTL and ETL have strong influence
on the outcoupled luminous flux as shown in Figure6.43. For device A with 20 nm
Figure 6.43: Simulated far field outcoupled luminous flux has a strong influe ce on the the
doped HTL and ETL layer thickness variations.
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Figure 6.44: AC-EL spectra of device A and B along with the PL emission of the emitter
molecule Ir(MDQ)2(acac).
molecularly doped HTL and ETL thickness, the luminous flux isnot optimal, while
for device B with 90 nm HTL and 165 nm ETL thickness the luminous fl x is optimal
and shows the maximum value. The AC-EL spectral emission forthe device A and
B are shown in Figure6.44. As a reference, the photoluminescence (PL) emission
spectrum of the iridium based phosphorescent emitter Ir(MDQ)2(acac) is also shown.
Although the AC-EL spectra for both devices peak at 610 nm, the spectral shape for the
non optimized device A is slightly different. Especially atthe full width half maximum
position, it spreads beyond the PL spectra of the emitter molecule, which is usually
observed for devices with non optimized cavity. For the optically optimized device, the
AC-EL spectra are in accordance with the PL spectra of the emitt r molecule.
The altered AC-EL spectra for device A is due to a weak cavity effect as the emitter
molecule is not placed at the EM field maxima of the cavity. This is evident from
the plot of emission affinity (quantity which describes for which wavelength the cavity
emission is maximized) shown in Figure6.45. For an optimized device, the emitter
molecule is placed at the EM field maxima of the cavity and emission is in accordance
with the PL emission of the emitter molecule as shown in Figure6.45.
The luminance voltage (L-V) plot for device A and device B is shown in Figure6.46.
Device B, which is optically optimized, shows very high luminance levels close to
5000 cd m 2 at 31 V and 10 kHz (2300 cd m 2 at 23 V and 10 kHz). For the non
optimized device, we achieve a maximum luminance of 1581 cd m 2 at 23 V and
10 kHz. Although the molecularly doped ETL and HTL thicknessstrongly differ for
the devices, the threshold voltage for the onset of luminance for the device B remains
approximately the same within experimental error for the layer thickness. This clearly
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Figure 6.45: The emission affinity (the EM field profile of the device withouemitter in place)
as a function of wavelength.
Figure 6.46:Luminance-Voltage plot (L-V).
demonstrates that the addition of molecularly doped chargetransport layers to the AC-
EL device does not alter the electrical property due to theirigh conductivities. The
threshold voltage for the onset of luminance would shift to higher voltage for the device
B in comparison to device A, if the molecularly doped layers had a large resistance.
With the intention not to change the electrical properties of the device, we have chosen
the same thickness of insulating layers for both the devices.
The luminance versus frequency response at a fixed AC drivingoltage for both
devices is shown in Figure6.47. The luminance increases with frequency, the increase
in luminance is again due to the increase in current flow as well as decrease in the
impedance of the device as discussed in section6.3.4. The AC impedance for the non-
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Table 6.5:Comparison of device performance for optically non-optimized cavity (device A) and
optimized cavity (device B).
Device Vth Luminance Power efficiency
- (V) (cd m 2) (lm W 1)
A 11 V 1581 (@ 23.5 V) 0.57
B 8 V 2300 (@ 23.5 V) 0.90
Figure 6.47:Luminance frequency plot (L-F) at a fixed AC voltage.
optimized device is higher and the current flowing through the device is lower as shown
in Figure6.48(solid lines) and for optimized device the AC impedance is lower and the
current flow through the device is higher as shown in Figure6.48(dashed lines). This
leads to higher luminance in device B in comparison to deviceA which is in agreement
with the L-V curve of the devices.
It is significant to note that for device B having thicker molecularly doped layers,
higher AC currents are flowing through the device. This clearly demonstrates that the
device having thicker molecularly doped layers have more fre charge carriers available
within the device and hence higher current flow through the device. DC tests also
confirm that the observed luminance from the device is not dueto injected carriers.
The magnitude of DC currents flowing through both the devicesar the same as shown
in Figure6.49, implying that the processed insulating layer porosity is uniform.
The numerical optical model as well predicts the angle dependent power spectra
emitted per unit solid angle by the device. The angle dependent emission spectra are
very sensitive to the layer thickness and optical constantsof he individual layers. It
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Figure 6.48:The plot of AC current and impedance variation with respect to the AC voltage for
device A (solid lines) and device B (dashed line).
Figure 6.49:DC-Test performed on the device. The magnitude of DC currents flowing through
the devices is same as the DC currents flowing in non optimizedHfO2 device shown in
Figure 6.40.
also gives information regarding the changes in the color cordinates. Figure6.50
shows the comparison of the experimental (solid line) and simulated (dashed line)
angle dependent spectra for the optically optimized deviceB. There is good agreement
between the experimental and simulated angular emission patterns clearly indicating
the validity of the numerical optical simulation model. Thespectral positions have a
minor blue shift (10 nm) even for angles as high as 70Æ. Since the peak positions
remains the same and only relative intensity of the peaks decreases as a function of
viewing angle the color coordinates are stable with respectto viewing angle as shown
in Figure6.52.
The normalized luminous intensity for different viewing angles shows a super-
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Lambertian behavior of the device emission as shown in Figure 6.51. As the device
Figure 6.50: The plot of the experimental(solid line) and the simulated (dashed line) angular
AC EL power spectra for the device B. Both the simulated and the experimental power spectra
are normalized with respect to normal emission of the device(0Æ emission).
Figure 6.51:The luminance intensity and intern the luminance correctedto angular emission.
emission is super Lambertian, the power efficiency calculated with the Lambertian
assumption leads to incorrect values. Angle dependent emission from the device can
be corrected in the following. We measure the forward luminance with the help of a
calibrated photometer, and the spectrometer used for recording the angular emission is
also accurately calibrated. A certain intensity corresponds to a particular luminance.
The angle dependent luminance is recalculated from intensiti s normalized to the 0Æ
value. The power efficiency is plotted as a function of applied voltage, it increases with
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Figure 6.52: CIE coordinates for device B as a function of viewing angle arstable, slight
change is attributed to intensity variations at higher angles.
the increasing AC voltage. A maximum power efficiency with Lambertian assumption
of 0.57 lm W 1 is achieved for non optimized device shown in Figure6.53 and for
optically optimized device an increase in the power efficieny (corrected to super
Lambertian emission) of 0.90 lm W 1 is achieved as shown in Figure6.53. The angular
emission patterns are recorded only for optically optimized d vice as the luminance
intensities are sufficient for this device to record the spectra without device failure.
The stability of the device is crucial and Figure6.54shows the lifetime plot of the
Figure 6.53:The luminous efficacy of the device plotted as a function of applied voltage.
device B over the operation time. The lifetime is defined as the time interval where in
the set initial luminance drops to 50 % of its initial value when the device is operated
at a constant AC voltage and current as shown in Figure6.55. The device shows an
adequate stability with a lifetime of 100 hours for an initial luminance set at 500 cd m 2.
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The initial increase in relative luminance with operation time observed in Figure6.54
could be due to better charge carrier transport during the initial hours of operation.
Figure 6.54:The device lifetime plotted as a function of the device operation time.
Figure 6.55: During the lifetime tests the AC current and the voltage are kept constant during
the device operation.
6.6 Extension to other colours: Green AC-EL
device
The AC-EL device concept works as well for other colours. Green AC-EL devices
are fabricated with an EML consisting of phosphorescent green emitter tris(2-phenyl-
pyridine)iridium (Ir(ppy)3) doped in matrix of 4,4’,4”-tris(N-carbazolyl)-triphenyl-
amine (TCTA) in a host-guest configuration. Typical doping con entration of Ir(ppy)3
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in TCTA is 8 wt %. Layer thickness are optimized using the numerical optical model.
The obtained layer thickness values and the device stack is shown in Figure6.56. The
device cavity is optimized to the wavelength of the emitter molecule (Ir(ppy)3), by
varying the thickness of the charge transport layers. Figure 6.57shows the normalized
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Figure 6.56: The optimized layer thickness obtained from optical simulations and the device
stack.
luminous flux as a function of ETL and HTL layer thickness. Theluminous flux is
optimal and shows the maximum value for 60 nm HTL and 100 nm ETLthickness.
The AC-EL spectral emission of the device A shown in Figure6.58. As a reference,
the photoluminescence (PL) emission spectrum of the Ir(PPy)3 is also shown. AC-EL
spectra peak at 510 nm, and the AC-EL spectra is in agreement with the PL spectra
of the emitter molecule. This clearly indicates that the excitons are formed on the
phosphorescent dopant Ir(PPy)3 leading to emission of light. The luminance voltage
(L-V) plot for device A is shown in Figure6.59. The threshold voltage for the onset
of luminance is 14 V and a maximum luminance of 3155 cd m 2 at 31 V and 10 kHz
is achieved for this device. The luminance versus frequencyresponse at a fixed AC
driving voltage for both devices is shown in Figure6.60. The luminance frequency
response is similar to the red AC devices. DC tests are performed on the device once
again to make sure the observed AC-EL is not due to injected charge carriers. Up
to 40 V DC bias the device does not emit any light, and the DC currents are of the
order of micro amperes as shown in Figure6.61. The background DC luminance of
4 cd m 2, and the fluctuation observed in the luminance signal is due to coupling of
ambient light in to the detector. The power efficiency is plotted as a function of applied
6.6 6.6 Extension to other colours: Green AC-EL device 125
Device A
Figure 6.57: Simulated far field luminous flux as a function of molecularlydoped HTL and
ETL layer thickness variations. The luminous flux has a strong influence on the thickness of the
doped layers and is maximum for an ETL thickness of 100 nm and HTL thickness of 60 nm.
Figure 6.58: The AC-EL spectra along with the PL emission spectra of the emitter molecule
Ir(ppy)3.
voltage. Initially the power efficiency is zero as there is noluminance from the device.
Beyond the threshold voltage for the onset of luminance the power efficiency increases
with increasing AC voltage, and reaches a maximum power effici ncy of 1.38 lm W 1.
The power efficiency decreases at higher applied voltages tothe device as shown in
Figure6.62. The roll off in power efficiency is attributed to the growingcontribution
of non radiative processes, exciton quenching may also contribute for the efficiency
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Figure 6.59:Luminance-voltage response of the device. The threshold voltage for light emission
is approximately 14 V, and peak luminance of 3155 cd m 2 is achieved at 31 V and 10 kHz.
Figure 6.60: The plot of luminance as a function of frequency (L-F) at a fixed AC voltage for
the device.
roll-off. The numerical optical model also predicts the angle dependent power spectra
emitted per unit solid angle by the device. Figure6.64shows the comparison of the
experimental (solid line) and simulated (dashed line) angle dependent spectra for the
device A. There is good agreement between the experimental ad simulated angular
emission patterns clearly indicating the validity of the numerical optical simulation
model.
All spectra are normalized to the 0Æ emission. To achieve higher luminance and power
efficiency values, deliberately the 0Æ emission affinity (EA) is slightly red shifted in
comparison to the PL maxima as shown in Figure6.63. Since the EA shifts to lower
wavelengths for higher viewing angles, the average overlapof the AC-EL spectra
6.6 6.6 Extension to other colours: Green AC-EL device 127
Figure 6.61: Current-voltage-luminance (I-V-L) response for the devic. DC tests are per-
formed on the device again to make sure the observed AC-EL is not due to injected charge
carriers. Up to 40 V DC bias the device does not emit any light and the DC currents are of the
order of micro amperes. The background DC luminance of 4 cd m 2 and the fluctuation is due
to ambient light.
Figure 6.62:The plot of luminous efficacy as a function of applied AC voltage for the device.
with the PL spectra will improve. The layer thickness is intentionally chosen to have
maximum overlap of angular AC-EL spectra and the PL spectra for chieving higher
luminous efficacy values from the device. Hence, as a result of the slightly detuned
cavity, the shape of the AC-EL spectra changes at higher viewing angles, and the CIE
color coordinates also change as a result from a yellowish-green to a more pure green,
as shown in in Figure6.65. The normalized luminous intensity for different viewing
angles shows a super-Lambertian behavior for the device emission from 0Æ-50Æ as
shown in Figure6.66. This device also shows an adequate stability with life timeof 80
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Figure 6.63: The plot of PL emission spectra of the emitter molecule Ir(ppy)3, and the 0Æ
emission affinity (EA) of the cavity. The 0Æ emission affinity (EA) is slightly red shifted in
comparison to the PL maxima, to achieve higher luminance andpower efficiency values.
Figure 6.64:The plot of experimental (solid line) and the simulated (dash dotted line) angular
AC EL power spectra for the device. With increasing angle theemission peak shifts from 550 nm
to 515 nm.
hours with initial luminance set at 700 cd m 2.
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Figure 6.65:Pronounced shift in the corresponding CIE coordinates as a function of increasing
viewing angle for the device.
Figure 6.66: The luminance intensity and the corresponding luminance corre ted to angular
emission for the device.

Chapter 7
Conclusion
7.1 Summary
The focus of this research work was to develop different approach for alternating
current electroluminescence (AC-EL) devices. This work has shown that a highly
efficient organic luminescent layer and a metal oxide dielectric insulating layer can be
integrated in to an alternative and efficient field driven optoelectronic device. Although
our devices are similar to AC-TFEL devices which consist of inorganic phosphor
emission layer, these devices have poor performance and fabrication of full colour
(white) AC-TFEL device has proven to be difficult. The complex processing procedure
of AC-TFEL devices, which involves annealing at different temperatures for different
dyes and their narrow spectral distribution makes it difficult to obtain white light. The
luminance levels achieved for AC-TFEL devices are also low due to low PL quantum
yields of the phosphor layers.
Therefore, the research presented in this dissertation focuses on replacing the inefficient
phosphor-based emission layer with a molecular organic emission layer having high PL
quantum yields, moreover complete device is processed at room-temperature removing
the complex annealing steps. Organic emission layers also have the advantage of
easier chemical tunability to control the electrical and optical properties. By tuning the
chemical structure, the emission colour can be made to coverthe entire visible range
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of the electromagnetic radiation.
By combining the concept of electrochemical doping and highly efficient organic
phosphorescent emitters, superior device performance wasachieved in comparison
to other approaches available in literature. Doped organiccharge-transport layers are
utilized for the generation of charge carriers within the devic , hence eliminating the
need for injecting charge carriers from external electrodes. The light emission observed
under AC drive with this new concept is due to charge carrier recombination, leading
to formation of excitons within the device.
1. AC-EL devices with SiO2 insulating layers:
SiO2 is a widely used low=4 dielectric insulating material with a large bandgap
(8 eV) as well as high transparency. AC-EL devices are reportd with fluorescent
(Alq3:DCM) and phosphorescent (-NPD:Ir(MDQ)2(acac)) organic emission
layers. A peak luminance of 60 cd m 2 at 51 V and 10 kHz is achieved for
fluorescent device, while for phosphorescent device, we could achieve a peak
luminance of 539 cd m 2 at 49.5 V and 10 kHz. Although electrically the
devices are similar with either fluorescent or phosphorescent emission layer
(approximately same amount of AC currents flow in both cases), the power
efficiency calculated with the Lambertian approximation is0.06 lm W 1 for
fluorescent device and 0.37 lm W 1 for phosphorescent device. The higher
luminance and power efficiency achieved with the phosphorescent emission layer
is attributed to better PL quantum yield and an increase in the radiative exciton
density for the phosphorescent dyes.
2. AC-EL devices with HfO2 insulating layers:
AC-EL devices fabricated with HfO2 insulating layers show very high brightness
of 1581 cd m 2 at 23.5 V and 10 kHz and an enhanced power efficiency of0.6 lm W 1. The driving voltages are also significantly lower for AC-ELde-
vices with HfO2 insulating layers, the threshold voltage for the onset of AC-EL is
10 V for the HfO2 device and is reduced by approximately 20 V in comparison to
the SiO2 device. The improved device performance with HfO2 insulating layers
is attributed to a high dielectric constant (=21) and lower bandgap (5.5 eV)
in comparison to SiO2 insulators. The high dielectric constant results in higher
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capacitance of the insulating layer and better polarizability of the dielectric. As
a result, more voltage drops across the organic layer in comparison to insulating
layers, hence higher current flow in the organic layer. The higher current flow
results in higher luminance and better power efficiency values for the device.
3. Optical optimization of AC-EL device:
Numerical optical simulation model was employed to optically optimize the AC-
EL device and thereby enhancing the luminance output and theevice perfor-
mance significantly. The optical optimization of the devicewas accomplished
by varying and adjusting the thickness of the molecular dopecharge transport
layers, so that the emission zone is placed at the optical cavity maxima of the
electromagnetic (EM) field. Also by increasing the thickness of doped charge
transport layers it is possible to enhance the number of freecharge carriers avail-
able within the device. By doing so, extremely high luminance of 5000 cd m 2 at
31 V and 10 kHz was achieved with very low threshold for the onset for AC-EL
from the device (10 V) and an enhanced power efficiency of 0.90lm W 1. To the
best of our knowledge these devices are the brightest AC-EL devices reported so
far in the literature.
In addition, this thesis work has also sought to provide a better understanding of organic
AC-EL device operation. A device operation mechanism is proposed to explain the
charge carrier regeneration within the device without the ne d for injection of charge
carriers unlike conventional light emitting devices. Alsowith the help of time resolved
measurements, detailed discussion is presented on the limitations to the internal charge
carrier generation in the device and its effect on the deviceperformance due to the
internal field generated by the ionized dopants at the insulator organic interface.
The AC-EL device concept presented in this thesis as well works for other colours.
Green AC-EL devices were shown with a maximum luminance of 3155 cd m 2 at 31 V
and 10 kHz and a maximum power efficiency of 1.38 lm W 1.
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7.2 Outlook
This research has enabled AC-EL devices with superior device performance interms of
luminance as well as power efficiency in comparison to other existing AC-EL devices.
Also, this work has successfully shown field driven electroluminescence from organic
molecules.
This work for the first time demonstrated charge carrier generation necessary for
electroluminescence within the device with the concept of mlecular doping. The
charge carrier generation needs further understanding andoffers the possibility for
further study. One should also consider ways to correlate number of charges generated
within the device to the number of photons out-coupled from the device.
In this work high brightness AC electroluminescence of 5000cd m 2 and power
efficiency of close to 1 lm W 1 were shown. Although the luminance levels and power
efficiency achieved for this device are promising, they are still not sufficient to compete
with other technologies. A power efficiency of the order of 5-10 lm W 1 is necessary
for this technology to get noticed. There are still challengs left for improving the
device performance.
One possibility to enhance the device performance and efficiency is to make the device
operate in both the cycles of AC, this would double the efficien y of the device. More
work is required in this direction and first experiments withthe stacked device concept
have been successful.
In addition, with this device concept fabrication of white AC-EL devices in a stacked
device geometry is advantageous. In a stacked device the topand bottom units have
different emitters, under AC drive, in the positive cycle first emitter will emit light and
in negative cycle the second emitter will emit light. By choosing proper frequency for
device operation, one can mix the intensities to reach the desired white colour point.
The AC-EL device structure offers advantages compared to other device technologies
as there is no need to match the energy levels of the organic layers with that of the
electrodes. The electrode can be of any material, further studies are required in this
direction to see if polymer electrodes lead to efficient and reliable device. High quality
insulator material is also crucial for the success of the AC-EL device. The luminance
and efficiency enhancement potential for various electrode/insulating material systems
needs to be explored. The insulator layers can be improved further to reduce the leakage
currents, also an optimized electrode-insulator combinatio needs to be explored for
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minimizing the displacement current flow and to improve the power efficiency of the
device. A superstructure combination of insulators can be inv stigated in this regard.
The present sputtering system in UFO would require further upgradation to allow the
deposition of hetero insulator combination or the fabrication of multi-layer insulator
structures.
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